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Abstract: Hydrogel polymers are used for the manufacture of soft (or disposable) 
contact lenses worldwide today, but have a tendency to dehydrate on the eye. In vitro 
methods that can probe the potential for a given hydrogel polymer to dehydrate in 
vivo are much sought after. Nuclear magnetic resonance (NMR) has been shown to 
be effective in characterising water mobility and binding in similar systems (Barbieri, 
Quaglia et al., 1998, Larsen, Huff et al., 1990, Peschier, Bouwstra et al., 1993), 
predominantly through measurement of the spin-lattice relaxation time (T1), the spin-
spin relaxation time (T2) and the water diffusion coefficient (D). 
The aim of this work was to use NMR to quantify the molecular behaviour of water 
in a series of commercially available contact lens hydrogels, and relate these 
measurements to the binding and mobility of the water, and ultimately the potential 
for the hydrogel to dehydrate. 
As a preliminary study, in vitro evaporation rates were measured for a set of 
commercial contact lens hydrogels. Following this, comprehensive measurement of 
the temperature and water content dependencies of T1, T2 and D was performed for a 
series of commercial hydrogels that spanned the spectrum of equilibrium water 
content (EWC) and common compositions of contact lenses that are manufactured 
today. To quantify material differences, the data were then modelled based on theory 
that had been used for similar systems in the literature (Walker, Balmer et al., 1989, 
Hills, Takacs et al., 1989). The differences were related to differences in water 
binding and mobility. 
The evaporative results suggested that the EWC of the material was important in 
determining a material's potential to dehydrate in this way. Similarly, the NMR water 
self-diffusion coefficient was also found to be largely (if not wholly) determined by 
iv 
the WC. A specific binding model confirmed that the we was the dominant factor in 
determining the diffusive behaviour, but also suggested that subtle differences 
existed between the materials used, based on their equilibrium we (EWC). However, 
an alternative modified free volume model suggested that only the current water 
content of the material was important in determining the diffusive behaviour, and not 
the equilibrium water content. It was shown that T2 relaxation was dominated by 
chemical exchange between water and exchangeable polymer protons for materials 
that contained exchangeable polymer protons. The data was analysed using a proton 
exchange model, and the results were again reasonably correlated with EWC. 
Specifically, it was found that the average water mobility increased with increasing 
EWe approaching that of free water. The T1 relaxation was also shown to be 
reasonably well described by the same model. 
The main conclusion that can be drawn from this work is that the hydrogel EWe is an 
important parameter, which largely determines the behaviour of water in the gel. 
Higher EWe results in a hydrogel with water that behaves more like bulk water on 
average, or is less strongly 'bound' on average, compared with a lower EWe 
material. Based on the set of materials used, significant differences due to 
composition (for materials of the same or similar water content) could not be found. 
Similar studies could be used in the future to highlight hydrogels that deviate 
significantly from this 'average' behaviour, and may therefore have the least/greatest 
potential to dehydrate on the eye. 
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CHAPTER! 
Hydrogel Contact Lenses and the 
Dehydration Problem 
1.1 Introduction 
In the last half century, much interest has been shown toward the chemical and 
physical properties of hydrogels, and today their applications are many and varied. 
They are commonly used as materials of construction for soft, or disposable contact 
lenses, but are also used for other biomedical applications (Pedley, Skelly et al., 
1980) such as artificial implants ( eg. as artificial replacements for the ocular lens, 
cornea, vitreous humor, pericardium, bone and cartilage, and in plastic surgery of the 
face and breast), and also as materials used for controlled drug release. Another 
hydrogel application is in the separation of proteins, DNA and other macromolecules 
by gel electrophoresis. 
Hydrogels are a class of polymeric materials that swell in water, absorbing and 
binding it via hydrogen bonding to polar groups on their molecular 'backbone'. This 
backbone consists of long polymer chains, which are cross-linked to form a complex 
network. The water in a hydrogel will prevent the polymer from collapsing to a more 
rigid solid mass, and the degree of water binding to the polymer network prevents the 
water from escaping the hydrogel (Tanaka, 1981). Without cross-linking, a hydrogel 
would be soluble in water and become a viscous solution. Cross-linking of the 
hydrogel monomers limits the solubility, water content and swelling capacity. 
CHAPTER I 2 
Many of the properties of a hydrogel are governed by the interaction between the 
polymer and the water that it binds. They derive their water swelling characteristics 
from hydrophilic groups on the polymer chains, such as hydroxyl, carboxyl, lactam, 
amino and amide groups, which allow the hydrogen bonding of water molecules. 
Negatively or positively charged ionic groups are incorporated in some hydrogels. 
They create additional swelling by electrostatically binding water molecules 
themselves, and also by contributing an additional swelling mechanism in the 
hydrogel, as the like charges on adjacent polymer chains repel each other (Hart and 
Farrell, 1971), thereby expanding the polymer network. The chemical composition of 
hydrogel polymers is discussed in further detail below. 
The properties of a particular hydrogel, such as the degree of hydration and rigidity 
are selectively alterable in the polymerisation process. Cross-linking agents are used 
to chemically link adjacent polymer chains. By using a higher proportion of cross 
linker, the average distance between adjacent chains and the mobility of the chains is 
decreased. This will result in higher Young's and aggregate moduli, and hence 
greater rigidity. The choice of the particular constituent monomers and cross-linkers 
in the polymer composition, as well as their physical properties and ratios by mass, 
will strongly influence hydrogel characteristics. Shape, thickness and appearance are 
also able to be varied in the manufacturing process (by casting, lathing and 
polishing). Other advantages of hydrogel biomaterials include ease of manufacture 
and their moderate cost. 
1.2 Hydrogel Dehydration 
A major disadvantage ofhydrogels (particularly as contact lenses) is their tendency to 
dehydrate when exposed to ambient air conditions. Any loss of water will 
immediately result in a corresponding volume loss. These dimensional changes 
become a significant problem if the shape or thickness of the hydrogel is important, 
and for biomedical applications, it usually will be. If a hydrogel dehydrates, the 
physical properties of the material will also be altered, possibly affecting the 
material's performance, particularly in terms of gas transmissibility, refractive index 
and rigidity. 
HYDROGEL CONTACT LENSES AND THE DEHYDRATION PROBLEM 3 
An important feature of a hydrophilic hydrogel is its ability to dissolve and allow 
diffusion of water-soluble gases such as oxygen and carbon dioxide through the 
material. The measure of this ability, the material's gas permeability (Dk), is the 
product of the hydrogel's gas diffusivity, D and its gas solubility coefficient, k. 
Gasses may associate with, or diffuse preferentially within the water and/or polymer 
phases. Thus gas permeability is linked to the partition coefficient of the gas in the 
gel (essentially the ratio of the gas solubility in the polymer phase to the gas 
solubility in the water phase), and the relative diffusion coefficient of the gas in each 
phase. 
In their dry state, conventional hydrogel polymers generally have a Dk much lower 
than water. Thus, if they dehydrate, their ability to transport gases is reduced. 
However, hydrogel contact lens materials are currently in development with dry Dk 
values higher than water (Refojo, 1996). In these materials, gas permeability is 
largely derived from the permeation of the gas through the polymer phase, via (for 
example) siloxane groups. For these materials Dk should increase with decreasing 
water content. 
For a dehydrating hydrogel, refractive index will increase. The law of Gladstone 
and Dale for the refractive index of a homogeneous mixture describes this: the 
refractive index of a mixture is the weighted average of each component's volume 
fraction multiplied by its refractive index. Most hydrogel polymers have a larger 
refractive index than that of water. Thus, as the water fraction decreases, the polymer 
fraction increases, and the resulting refractive index increases toward that of the dry 
polymer. The rigidity (normally measured in terms of Young's Modulus and the bulk 
modulus) will also increase as the hydrogel loses water and approaches the glassy 
state ofthe dry polymer. 
Thus many of the important physical properties of a hydrogel can be significantly and 
possibly crucially altered if the hydration changes. A tendency to dehydrate is 
therefore a major material problem for hydrogels, and the subject of much recent 
research (H0vding, 1983, Efron, Brennan et al., 1987, Efron and Young, 1988, 
McCarey and Wilson, 1982, Aiello and Insler, 1985, McConville, Pope et al., 1997, 
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Brennan, Lowe et al., 1990, Brennan, Efron et al., 1988, Brennan, Lowe et al., 1987, 
Larsen, Huff et al., 1990, Brennan and Efron, 1987, Kohler and Flanagan, 1985, Fatt 
and Chaston, 1980a, Andrasko, 1982, Efron, Brennan et al., 1986, Cohen and 
Gundel, 1986, Andrasko, 1983, Andrasko and Schloessler, 1980). 
1.3 Hydroge/s as Contact Lenses 
1.3.1 Classifications and Properties of Hydrogel Contact Lenses 
Hydrogels are used extensively in soft contact lens manufacture (Tighe, 1989). In the 
United States for example, hydrogel contact lenses account for 85% of the U.S. 
contact lens market of 31 million people (Council, 1998), and there is much 
industrial interest in them worldwide. Their popularity when compared with rigid 
contact lenses stems mainly from a general patient preference for their wearing 
comfort and handling properties (Fonn, Gauthier et al., 1995). Currently marketed 
hydrogel contact lenses typically have equilibrium water contents (EWC) * in the 
range 35 to 80%. Depending on their oxygen transmission, thickness and other 
characteristics, they are also classed as daily wear, extended wear or flexible wear 
lenses (Doughman and Massare, 1996), but these terms have often been used loosely 
and incorrectly in the literature. Daily wear lenses are prescribed to be worn during 
waking hours only, and washed in cleaning and/or disinfecting solution overnight. 
Extended wear lenses, however are prescribed for 24-hour wear, for a specified 
number of days, depending on the individual prescription and polymer type. Lenses 
worn in a combination of these two modes are termed flexible wear. 
Hydrogel contact lenses are also classified in terms of the frequency with which they 
are replaced or disposed of (Doughman and Massare, 1996). Conventional 
replacement describes replacement of the lens only when it is no longer useable, or 
'wears out'. Planned replacement describes replacement of the lens after a set time 
period. Disposable replacement describes a contact lens that is disposed of upon 
removal from the eye. Extended wear disposable lenses are worn for several 
*Equilibrium water content, or EWC is expressed as a percentage, defined as 100%(water mass)/(total mass), and 
is normally measured at 20°C. 
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overnight periods before being disposed of, while daily wear disposable lenses are 
disposed of each day, after being worn. 
The U.S. Food and Drug Administration (FDA) classes hydrogel contact lenses into 4 
categories based on their water content and polymeric charge properties (Lowther, 
1986). Lenses are described as 'low water' or 'high water' depending on whether 
they have water contents of less than or greater than 50%. Lens polymers are 
described as 'ionic' or 'non-ionic' depending on whether they have a large excess of 
charged groups. The groups are categorised thus: 
Group 1: Low water, non-ionic polymers. 
Group 2: High water, non-ionic polymers. 
Group 3: Low water, ionic polymers. 
Group 4: High water, ionic polymers. 
For optimum contact lens design and fitting, characteristics such as comfort, ease of 
handling, gas permeability, optical clarity, resistance to tearing or fracture, and 
resistance to dehydration are of utmost importance. A lens of any given material and 
thickness may perform well in some respects, but poorly in others. For example, with 
currently marketed contact lens polymers, thin high water content lenses are desirable 
for optimum oxygen transmissibility to the cornea, but these are prone to excessive 
dehydration during wear (Zantos, Orsborn et al., 1986). The measure of the ability of 
a contact lens to transport oxygen to the cornea is its oxygen transmissibility, (Dk/L), 
where L is the lens thickness, and Dk is the oxygen permeability, as defined 
previously. A lens's on-eye performance with respect to each of these characteristics 
will depend strongly on the polymer composition of the material and the 
manufacturing processes used to arrive at the final product. 
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1.3.2 Contact Lens Chemistry 
Early soft contact lenses were made from monomers of hydroxyethyl methacrylate 
(HEMA; Figure l.l(a)), cross-linked during polymerisation by addition of small 
amounts of ethylene glycol dimethacrylate (EGDMA; Figure 1.1(b)). EGDMA has 2 
methacrylate groups per monomer. Because the polymerisation process extends the 
polymer chain from the sites of the monomer's carbon-carbon double bonds, and 
EGDMA has two methacrylate groups with double bonds, two chains will be 
propagated (ie. cross-linked) from each EGDMA molecule (Kastl and Refojo, 1984). 
This produces cross-linked poly(HEMA). It was first discovered by Wichterle and 
was mass produced by Bauch and Lomb by 1970. Poly(HEMA), or HEMA* for short, 
has the ability to imbibe water molecules which are hydrogen bonded primarily to the 
hydroxyl group on the HEMA monomer, and less strongly to the carbonyl group 
(Figure 1.1(a)). Oxygen is dissolved and transmitted by the water in the hydrogel and 
transported to the cornea. However, cross-linked HEMA can imbibe only a moderate 
amount of water (about 38% EWC) and has a relatively large resistance to water 
mobility. Therefore a relatively thick HEMA lens may not allow sufficient oxygen 
transport (ie. it will have low Dk, Dk/L). 
Methyl methacrylate (MMA; Figure l.l(c)) can be copolymerised with HEMA to 
provide increased rigidity for handling and durability (Jacob, 1989). MMA was the 
primary constituent in the manufacture of early hard contact lenses, and is a common 
component in rigid gas permeable (RGP) lenses as well. MMA also provides good 
optical clarity. By itself, the sole carbonyl group on each MMA monomer is a 
relatively weak water binder, resulting in low hydration (water content <5% for pure 
MMA (Refojo, 1984)) and resulting very poor gas transmission characteristics. 
Because MMA and HEMA have a limited ability to imbibe water and thereby 
dissolve oxygen, constituents such as n-vinyl pyrrolidone (NVP; Figure 1.1 (d)) or 
methacrylic acid (MA; Figure 1.1 (e)) can be introduced into co-polymers with 
HEMA and/or MMA. The amide group on the lactam ring in NVP enhances the 
* In its polymerised form, this material should ideally be referred to as poly(HEMA) or pHEMA. In 
this thesis, however, the name for pHEMA is abbreviated as HEMA, for ease of reading. 
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hydrophilicity of the resulting co-polymer by providing a site for hydrogen bonding 
of water (Refojo, 1984). Lightly crosslinked NVP has an EWC of greater than 90%. 
An increasing proportion of NVP in a HEMA/NVP co-polymer will therefore result 
in a hydrogel with higher EWC. 
(a) (b) (c) 
(d) (e) (f) CH3 
I 
H2C=C 
I 
/Jc 
oY' "o 
I H-C-H 
I H-C-OH 
I 
H-C-OH 
I 
H 
Figure 1.1 Chemical structure of common monomers used in commercial contact lenses. (a) HEMA 
(hydroxethyl methacrylate) (b) EGDMA (ethylene glycol dimethacrylate) (c) MMA (methyl methacrylate) 
(d) NVP (n-vinyl pyrrolidone) (e) MA (methacrylic acid) (f) GMA (glycerol methacrylate). In particular, 
these monomers are contained in the hydrogels used in this work. During polymerisation and cross-
linking, the carbon-carbon double bond on the polymer backbone in each monomer breaks to form a 
carbon-carbon single bond, and the polymer chain is then propagated from these two carbon atoms. 
As can be seen, the cross-linking agent, EGDMA can effectively propagate (or cross-link) two polymer 
chains, as it contains two carbon-carbon double bonds. 
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The carboxyl groups of MA are completely ionised at the physiological pH, or pH of 
the eye. Sites containing these (negatively charged) groups provide a very strong 
binding site for water and also repel each other (Hart and Farrell, 1971 ), enabling co-
polymers containing ionic MA to imbibe more water than if the charges were not 
present. This can be demonstrated by the decrease in water content, thickness and 
diameter of ionic lenses when the lens is placed in an acidic solution with pH below 
the pKa of MA. These two factors (hydrophilicity and charge) cause the EWC of the 
copolymer to increase with increasing proportion of MA. Interestingly, no completely 
cationically charged hydrogel has been marketed for contact lens use, but one 
company has marketed a zwitterionic (containing anionic and cationic sites) contact 
lens.* 
Another monomer that has been utilised for its wetting characteristics is glycerol 
methacrylate (GMA, shown in Figure 1.1(£)), which has two hydroxyl groups per 
monomer. By introducing GMA to produce a non-ionic HEMA/GMA co-polymer, 
the water content can be easily increased to as high as 70% (Benz, 1997). These co-
polymers are distinct from NVP and MA in that the hydrophilicity is purely due to 
the relative number and density of hydroxyl groups. Hydroxyl groups have a 
relatively strong binding affinity for water and some theorists believe that an increase 
in the relative number of these groups may result in a larger amount of water that is 
more strongly bound to the polymer on average (Benz, 1996). However, this is a 
subject of uncertainty. 
The introduction of high proportions of some hydrophilic monomers can have a 
detrimental effect due to their characteristic water binding dependencies. For 
example, NVP co-polymers, while existing with water contents of up to about 80%, 
lose a relatively high percentage of their water as their temperature is raised (Benz, 
1996), and this is their main disadvantage. This is because the hydrogen bonding of 
water molecules to the NVP amide group gets significantly weaker at higher 
temperature. Such instabilities can become significant when the lens is taken from 
the (room temperature) vial and placed in the higher temperature environment of the 
*One hydrogel material, (ProClear) (omafilcon A) manufactured by Biocompatibles Ltd., contains 
both positive and negative charges, but is classed as FDA Group 2, apparently because its net charge is 
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eye. Temperature dependencies of contact lenses will be considered in more detail in 
the following sections. The presence of NVP has also been linked to lipid deposition 
(Maissa, Franklin et al., 1998). Relatively high proportions of NVP can also cause 
yellow disco louring of the gel (Lindridge, 1989). 
In relatively small amounts (2-2.5% by mass), MA can increase the moderate water 
content of a HEMA lens to a mid-range, 55-60% water content (Benz, 1997). 
However, because of the negatively charged (carboxylate) groups that are 
characteristic of MA, positive sites of proteins from the tears may be attracted, 
causing the proteins to adhere to the surface and in some lens materials to the interior 
of the lens matrix (Maissa, Franklin et al., 1998). The ionic nature of MA co-
polymers also causes pH-induced instabilities since the density of charged carboxyl 
groups will change with the pH. These effects are discussed in detail later. 
As a third example, relatively high proportions of GMA, while increasing the water 
content of currently produced commercial lenses to as high as 70%, result in a very 
brittle, dry polymer which has poor machining properties, poor handling properties in 
the wet state (ie. prone to fractures), and relatively poor optical clarity. 
1.4 Contact Lens Dehydration 
It has been found clinically that hydrogel contact lenses dehydrate when placed on 
the eye, eventually reaching a lower equilibrium hydration (Efron, Brennan et al., 
1987, Kohler and Flanagan, 1985). The degree and rate of this dehydration has 
sometimes been found to be dependent on material properties such as water content 
(Efron, Brennan et al., 1987, Kohler and Flanagan, 1985, Weschler, Johnson et al., 
1983), as well as the thickness of the lens (Andrasko, 1982). However it has been 
suggested that water content alone, even for lenses of the same thickness, is not a 
good indicator of a material's potential to dehydrate when placed on the eye (Efron 
and Young, 1988, Brennan and Efron, 1987). For example, two materials of similar 
water content may bind water differently on a molecular level, resulting in different 
rates and/or extents of dehydration on the eye (Brennan and Efron, 1987). The ability 
neutral. 
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of water to enter or leave a hydrogel, as determined by such factors as the average 
water mobility and rate of water diffusion, may also affect this dehydration. The next 
section will discuss the consequences of contact lens dehydration. The mechanisms 
for this phenomenon that have been observed in vitro are then discussed, followed by 
a consideration of how these may relate to dehydration in vivo. 
1.4.1 Consequences of Contact Lens Dehydration 
Dehydration of current commercially available hydrogel contact lenses will lead to a 
shape change in the lens and decreased oxygen transmissibility. It has also been 
suggested to lead to increased surface deposits. Shape and volume changes will alter 
lens curvature, refractive index (Mousa, Callender et al., 1983) and hence power 
(Patel, 1983), causing reduced visual performance, change in fit (typically a 
decreased base curve radius, diameter and thickness of the lens) and reduced wearer 
comfort. A well performing contact lens should move readily on the eye, with the 
blink. With excessive dehydration however, the post-lens tear film may be depleted 
(Little and Bruce, 1995), and lens movement on the eye can decrease or cease 
altogether, in which case the lens may adhere tightly to, and desiccate the corneal 
epithelium. This results in epithelial defects, which place the patient at risk of corneal 
infections (Holden, Sweeney et al., 1986). 
Decreased oxygen transmissibility due to dehydration will reduce corneal oxygen 
availability, also putting corneal health at risk. In addition, surface deposits may also 
be more prominent after dehydration, due to an increase in the hydrophobicity of the 
hydrogel surface after water loss. As water is lost from the surface, hydrophilic 
surface groups of the polymer are thought to re-orient or 'flip' inward towards the 
water within the polymer, leaving a relatively greater fraction of hydrophobic groups 
facing the anterior surface ie. the air interface. These hydrophobic polar groups then 
interact strongly with the polar groups of water insoluble tear film components, such 
as proteins (Holly, 1979, Bohhett, Horbett et al., 1988). These reorientations with 
dehydration may thus attract proteins and bacteria to adhere to the anterior surface as 
the surface dehydrates. 
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It has also been thought that cations, especially calcium, may initiate the build up of 
'nodes' of protein and lipid deposits (Caroline, Robin et al., 1985, Ruben, Tripathi et 
al., 197 5) (often termed calculi). These cations are continually in exchange with 
sodium in the water inside and on the lens. As the lens surface dehydrates, calcium 
salts can precipitate out, creating sites for protein and lipid deposition, resulting in 
calculi at the contact lens surface. 
The types of deposits that have been characterised on hydrophilic lenses include: 
protein (such as albumin or lysozyme), lipids, mucin and calcium (Caroline, Robin et 
al., 1985). However, protein films are the most commonly reported, although such 
reports are often based on appearance rather than on chemical analysis. Surface 
deposits can reduce comfort and vision and increase the risk of bacterial infection 
(Kaufman, 1979, Vinding, Eriksen et al., 1987). It is also believed that giant papillary 
conjunctivitis (GPC) is an allergic or inflammatory response to protein deposits 
(Allansmith, Korb et al., 1977). 
Taking into account the above consequences of soft lens dehydration, it is highly 
desirable that contact lenses are designed to resist dehydration, but still perform at an 
optimum level in other respects. 
1.4.2 Mechanisms for Dehydration 
Several possible mechanisms for contact lens dehydration have been proposed and 
investigated. These include water loss due to evaporation and elevated temperature 
(H0vding, 1983, Fatt and Chaston, 1980a). However wmc strength 
(osmolality/osmolarity*) and pH dependencies may also exist and could contribute to 
lens dehydration (Benz, 1997, Aiello and Insler, 1985, McCarey and Wilson, 1982). 
It is commonly thought that evaporation is a major cause of lens dehydration on the 
eye. A simple in vitro model for such evaporation is based on a steady state blink 
cycle occurring while a lens is being worn. During and after a blink, a tear film is 
* Tear fluid and PBS ionic strengths are normally measured as osmolality, which has units of Osmoles 
per kg (Osm/kg) solvent. In contrast, osmolarity has units of osmoles per L (Osrn/L) solution. 
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deposited on the anterior surface of a contact lens. After a period of several seconds, 
due to evaporation the tear film will break up, leaving some portion of the anterior 
lens surface exposed to ambient conditions. Until the next blink, evaporation of lens 
water at the surface will occur, thereby dehydrating the lens. After the blink the lens 
will rehydrate, imbibing fluid from the tear film. However, there is evidence to 
suggest that simple evaporation and rehydration due to swelling pressure re-
imbibition modelled in this way do not sufficiently explain observed on-eye 
dehydration (McConville, Pope et al., 1997). Such a model was used in the course of 
this work, is presented in Appendix V. Also, simple in vitro evaporative studies with 
contact lenses and contact lens materials have not shown the same behaviour as 
observed on-eye dehydration (Efron and Young, 1988, Benz, 1997). 
Hydrogels are elastomers and hence exhibit a temperature dependency of volume, 
and therefore hydration. Elastomers contract with increasing temperature due to 
enhanced thermal motion of polymer chains and consequent decreased average chain 
length. Contact lens hydrogels will therefore dehydrate as temperature increases (Fatt 
and Chaston, 1980a, McCarey and Wilson, 1982). Fatt (Fatt and Chaston, 1980a) 
measured the amount of dehydration due purely to temperature increase as a function 
of initial water content, but the linear least squares fit had a relatively poor 
correlation (R2=0.59). More recent studies suggest that no such correlation exists, and 
that temperature effects that cause dehydration are strongly dependent on polymer 
composition, rather than water content (Brennan and Efron, 1987). The binding 
affinity of the hydrogen bonding groups on the polymer will also decrease as 
temperature increases, and for polymer types that exhibit a relatively high 
temperature dependence for the water binding affinity, this change is likely to be the 
dominant cause of the temperature component of the dehydration. In vitro 
temperature data for various lenses will be shown in section 1.4.3. 
It has been suggested that pH and osmolality may also play a role in on-eye 
dehydration. The pH of the tears has been measured to be 7.45 (± 0.16) during 
waking hours and 7.25 in the closed eye (Carney and Hill, 1976). The osmolality of 
the tears, which primarily depends on the concentration of salt (NaCl) has been 
measured by Terry and Hill to be 310 (± 5.7) mOsm/kg during waking hours and 285 
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(± 2.4) mOsm/kg in the closed eye (Terry and Hill, 1978). However, the tear fluid 
volumes (5f.LL) used in the measurements by Terry were relatively large. Martin 
(Martin, 1987) used a freezing point depression osmometer that required tear fluid 
volumes of less than 1 f-LL, and found the waking hours tear osmolality to be 316 (± 4) 
mOsm/kg. This compares favourably with the findings of Benjamin and Hill (318 ± 
31) mOsm/kg (Benjamin and Hill, 1983) who used a similar method which required 
only 0.2f-LL. Contact lens hydrogels are normally equilibrated and stored in buffered 
saline solutions representative ofthese values of pH and osmolality. 
Since the presence and concentration of charged polymer groups ( eg. carboxylate 
groups on methacrylic acid) which repel each other can affect the water contents of 
hydrogels (Hart and Farrell, 1971), any change in this concentration will potentially 
change the water content. So by changing the composition of the solution in which an 
ionic hydrogel is equilibrated, the water content can be altered. By altering the pH, 
one can effectively increase or decrease the hydration for these materials (McCarey 
and Wilson, 1982, Benz, 1997). For example, a decrease in pH corresponds to an 
increase in the concentration of hydrogen ions in the solution. Since these positively 
charged hydrogen ions shield (negatively) charged groups on the polymer, this will 
lead to a decrease in the magnitude of the electrostatic repulsive forces between 
adjacent polymer chains, and a subsequent decrease in water content. 
The above mentioned pH effect will be most pronounced for currently marketed 
ionic contact lenses (FDA groups 3, 4), since for these materials, the water content 
depends on the existence of negatively charged polymer groups. In this case, 
increasing the concentration of hydrogen ions, which protonate the ionised polymer 
groups will neutralise their charge and reduce both the number of ionic groups 
available to bind water and the magnitude of the electrostatic repulsive forces 
between them. For these materials, even at a moderately low pH (ie. pH 5-6), 
hydration will measurably decrease (McCarey and Wilson, 1982, Benz, 1997). 
McCarey and Wilson (McCarey and Wilson, 1982) demonstrated this effect over a 
pH range of 5 to 8, and with a constant osmolality of 206 mOsM/kg, as shown in 
Figure 1.2. As can be seen, only the two ionic lenses (Hydrocurve II-55 and 
Permalens) show a pH dependency of hydration in the pH range studied. The pH 
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effect on hydration has also been demonstrated by Benz (Benz, 1997) and by 
Masnick and Holden (Masnick and Holden, 1972) in ionic materials containing MA. 
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Figure 1.2 pH effect on water content for three contact lenses. (After McCarey and Wilson, (McCarey 
and Wilson, 1982)). 
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Figure 1.3 Osmolality effect on water content for three contact lenses. (After McCarey and Wilson, 
(McCarey and Wilson, 1982)). 
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Similarly, EWCs of ionic hydrogels can be altered if the osmolality or ion 
concentration of the equilibration solution is changed, by increasing or decreasing the 
salt concentration (McCarey and Wilson, 1982, Benz, 1997). In this case, the 
positively charged sodium ions affect the strength of the electrostatic repulsive forces 
between charged groups of the polymer chains, thereby altering hydration. Here we 
expect that higher osmolalities (ie. > 290-300 mOsM/kg) will cause dehydration due 
to decreased repulsion between adjacent chains, and conversely lower osmolalities 
can cause a hydrogel to swell to higher water content. As with the pH dependency, 
osmolality dependent hydration is far more pronounced for ionic polymers. The data 
of McCarey and Wilson (McCarey and Wilson, 1982) support this, as shown in 
Figure 1.3 for osmolalities in the range from 0 to 406 mOsM/kg, at a constant pH of 
7.4. Masnick and Holden (Masnick and Holden, 1972) also found the effect of 
osmolality to be of greater significance for ionic contact lenses. 
1.4.3 Clinical Lens Dehydration Data* 
In some cases, clinical data for contact lens dehydration has shown that higher water 
content lenses tended to dehydrate the most on the eye (Efron, Brennan et al., 1987, 
Kohler and Flanagan, 1985, Weschler, Johnson et al., 1983). Clinical studies have 
also shown that a thinner lens will tend to dehydrate more on the eye (Andrasko, 
1982). The erosions and disruptions of the corneal epithelium that have been 
attributed to excessive dehydration of thin, high water content lenses (Zantos, 
Orsborn et al., 1986, Holden, Sweeney et al., 1986, McNally, Chalmers et al., 1987), 
support these observations. 
Due to limitations of existing techniques the published clinical data is sketchy at best 
and there are several conflicting results, as will be described below. One needs to 
approach such studies with caution, as water loss can be presented in several different 
ways. Conclusions drawn that seem to contradict one another may actually be the 
result of a lack of consistency in interpreting the results, as will be described in 
further detail in Chapter 4. Much of the recent published data for in vivo lens 
*The various contact lenses referred to in this section (and remaining sections of the thesis) are listed in 
Appendix II with their equilibrium water contents, basic compositions and FDA classifications. 
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dehydration has been gathered by Brennan, Efron and co-workers (Efron, Brennan et 
al., 1987, Efron and Young, 1988, Brennan, Lowe et al., 1990, Brennan, Lowe et al., 
1987, Brennan, Efron et al., 1988, Brennan and Efron, 1987, Efron and Brennan, 
1987, Efron, Brennan et al., 1986). Figure 1.4, below shows the absolute reduction in 
water content Efron and Brennan measured (Efron and Brennan, 1987) for a set of 
lenses that span the spectrum of hydrogel hydrations. 
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Figure 1.4 Clinical dehydration observed for several commercial contact lens types. Includes 
measured dehydration due to temperature increase from vial to eye, (white section), and that which 
cannot be attributed to the temperature change alone, (black section). (After Efron and Brennan, 
(Efron and Brennan, 1987)). 
An initial glance at the published clinical data for contact lens dehydration will show 
that the measured water contents usually decrease during wear by about 1-10% 
depending on the lens type. For example, Efron and co-workers (Efron, Brennan et 
al., 1987) measured the reduction of water content (as absolute decrease) in water 
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content for a high water content lens (Permalens, EWC 71 %) to be 4.6 (± 1.0)%. 
Cohen and Gundel (Cohen and Gundel, 1986) measured for Hydron X-70 (EWC 
70%), a decrease of3.1 (± 0.8)% and Pritchard and Form measured 4.6 (± 3.2)% for 
Permaflex (EWC 74%). For moderate water content lenses, dehydration has 
generally been found to be less. For example, Efron and co-workers (Efron, Brennan 
et al., 1987) measured a decrease in water content of2.8 (± 1.4)% for the 55% water 
content lens, Hydrocurve II-55. Kohler and Flanagan (Kohler and Flanagan, 1985) 
measured a similar degree of on-eye dehydration for this lens. For the low water 
content HEMA lens (Hydron Zero-6; EWC 38%), Efron and co-workers (Efron, 
Brennan et al., 1987) measured the decrease in water content to be 0.9 (± 0.8%). For 
the same lens Cohen and Gundel (Cohen and Gundel, 1986) measured a decrease of 
1.2 (± 1.0)%, while Pritchard and Form (Pritchard and Form, 1995) measured 2.9 (± 
1.0)% for the SeeQuence2 HEMA lens (EWC 38.6%). However, for the same lens 
(EWC 38.6%), a decrease in water content by as much as 10.7% has been measured 
(DeDonato, 1982), demonstrating considerable inconsistency of experimental results 
in the literature. 
Various authors have drawn conclusions concerning the dependence of on-eye lens 
dehydration on the lens EWC. The data of Figure 1.4 (Efron and Brennan, 1987) 
suggest very generally that the total observed on-eye absolute water content decrease 
correlates with initial water content. Other studies by Andrasko (Andrasko, 1983), 
Kohler and Flanagan (Kohler and Flanagan, 1985) and Weschler and co-workers 
(Weschler, Johnson et al., 1983) had similar findings, although only Andrasko found 
that higher water content lenses also lost a higher proportion of their water content 
(ie. relative to the initial water content). However, Andrasko and Weschler used only 
two lens types in their studies, while Kohler used only three. The amount of 
dehydration measured by Efron and Brennan was significantly smaller than that 
measured by the others for similar lens types, and this raises questions about the 
techniques used, and the validity of these results. Efron and Brennan used a hand 
held refractometer to measure lens water contents, while the other studies relied on 
measurements of lens mass. Measuring a contact lens mass is prone to error, since 
small variations in the amount of surface water present (blotting technique, and the 
time from lens removal to the weight measurement) translate to large relative errors 
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in the lens mass/water content due to the contact lens mass being small to begin with. 
(A hydrogel contact lens typically weighs from 15 to 70mg). For technical reasons as 
well as the large range of materials used, the studies of Efron and Brennan stand out 
as the most reliable clinical study of on-eye contact lens dehydration in the literature. 
Even though the findings of Efron and Brennan (Efron and Brennan, 1987) (Figure 
1.4) suggest that on-eye dehydration in general depends on initial water content, there 
are anomalies such as the Snoflex 50 contact lens. As a further example of these 
inconsistencies, Brennan and co-workers (Brennan, Lowe et al., 1990) in a separate 
study found for Acuvue (measured initial water content of 61.3 ± 1 %) an absolute 
decrease in water content of 10.2 (± 3.9)%, which is generally greater than has been 
reported for other lenses of similar water content. Pritchard and Fonn (Pritchard and 
Fonn, 1995) found a similar water content decrease for Acuvue (9.0 (± 2.6)%). This 
is evidence that despite the general correlation, we cannot rely on water content alone 
as a predictor of in vivo (on eye) dehydration. 
Of the mechanisms that were shown in the prevwus section to cause hydrogel 
dehydration in vitro, it is the generally held opinion that temperature increase and 
evaporation are the dominant mechanisms for lens dehydration during wear. The 
median temperature of the cornea in the open eye was measured by Fatt (Fatt and 
Chaston, 1980b) to be 34.5°C and by Efron and co-workers (Efron, Young et al., 
1989) to be 34.3 (± 0.7) 0 C. In the study by Fatt, the median temperature of hydrogel 
contact lenses while being worn was the same as the corneal temperature (34.5°C). In 
being taken from the contact lens package or vial (at room temperature), and placed 
on the higher temperature environment of the eye, a lens will dehydrate to some 
extent, depending on the material. This type of dehydration should be most 
significant for polymers that contain binding groups that most rapidly lose their 
binding strength with increasing temperature ( eg. NVP). However dehydration due to 
temperature increase alone is not enough to account for the total dehydration 
measured on the eye, as evidenced by Efron and Brennan's (Efron and Brennan, 
1987) results (Figure 1.4). They also measured the decrease in lens water content 
between room temperature and eye temperature in vitro (shown as the black area in 
the Figure 1.4 bar graph) and presented the calculated dehydration as a proportion of 
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the total on eye dehydration measured for the same lenses. As can be seen, the results 
suggest that for most materials, temperature is the dominant cause of the on-eye 
dehydration. However, Fatt and Chaston (Fatt and Chaston, 1980a) found that a 
temperature increase in vitro from 21 °C to 35°C caused an absolute decrease in water 
content of only 2.5% for a Permalens (70% water content). As shown by Figure 1.4, 
this lens has been measured by Efron and co-workers to lose 3.5% of its water 
content through a temperature increase from 20°C to 35°C, out of a total on-eye water 
loss of 4.6%. The study of Fatt and Chaston suggests that a lens of this type will 
dehydrate by almost double the amount attributable to temperature alone, when 
placed on the eye, in direct contradiction to the findings of Efron and co-workers for 
this and other lens types. 
Nevertheless, it is clear that another process must contribute to lens dehydration on 
the eye. The obvious candidate, evaporation of water from the lens anterior surface, 
is supported by the observations of Andrasko (Andrasko and Schloessler, 1980), that 
lenses dehydrated less in high humidity conditions. Holden et al. (Holden, Sweeney 
et al., 1986) also found that corneal defects during wear of (thin, high water content) 
lenses were significantly reduced in high ambient humidity. The finding by Efron and 
co-workers (Efron, Brennan et al., 1986) that a lens's posterior (back) surface is more 
hydrated than the front surface after wear, would seem to be further evidence for 
anterior surface evaporation during wear. However, Brennan and co-workers 
(Brennan, Efron et al., 1988) found that knowledge of ambient humidity is of little 
value in predicting on-eye lens dehydration, in direct contrast to the findings of 
Andrasko (Andrasko and Schloessler, 1980). Importantly though, Andrasko 
examined relative humidities as low as 18%, while Brennan went no lower than a 
relative humidity of 45%. 
One piece of evidence against evaporation being the dominant cause of lens 
dehydration is that contact lenses have also been observed to dehydrate when worn 
overnight under closed eye conditions (Brennan, Lowe et al., 1987). In fact Brennan 
and co-workers found that there was no significant statistical difference between the 
amount of dehydration that was measured for lenses worn during the day, and for the 
same lenses overnight. However, they only used non-ionic contact lenses, including 
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the HEMA contact lens, Hydron Zero 6. In contrast, Andrasko (Andrasko, 1983) did 
find a significantly higher amount of dehydration for another HEMA lens (Softens) 
worn on the open eye, than on the closed eye. Andrasko's findings could be 
interpreted as evidence that the elimination of the evaporation factor reduces 
dehydration significantly. But once again, this was for only one type of contact lens, 
and the contradictory nature of these two studies suggests that they should be 
interpreted with caution. The possibility remains that there may be different 
processes that dominate/control dehydration in open eye as opposed to closed eye 
environments. For example, Fatt and Chaston (Fatt and Chaston, 1980b) measured 
the temperature of the closed eye to be 36°C, which is higher than that of the open 
eye (34.5°C), and Carney and Hill (Carney and Hill, 1976) measured the closed eye 
pH to be less than the open eye pH. As stated before, the closed eye tear fluid 
osmolality has similarly been measured to be different to that of the open eye (Terry 
and Hill, 1978). It is therefore possible, as Brennan and co-workers (Brennan, Lowe 
et al., 1987) suggest, that the competing factors of temperature, pH, osmolality and 
evaporation may counterbalance differently for the open and closed eyes, but lead to 
similar amounts of dehydration in each case. 
As described in the previous section, if the pH or osmolality of the eye is different 
from that of the storage vial (and therefore of the contact lens, initially), the hydration 
of a contact lens on the eye could decrease, especially for ionic lenses. Bhatia and co-
workers (Bhatia, Kumar et al., 1995) found significant tear pH variations between 
contact lens wearers and control subjects, as well as significant differences in tear pH 
before and after contact lens wear. Martin (Martin, 1987) also found that the tear film 
became significantly hyperosomotic (increase in osmolality) after 5 minutes of 
contact lens wear. While these tear film variations were relatively small and as such 
could not account for all on-eye lens dehydration, they support the idea that 
evaporation and temperature changes may not be solely responsible. However, Aiello 
and Insler (Aiello and Insler, 1985) found no significant difference between the 
amount of on-eye dehydration observed for contact lens wearers that had hypertonic 
and hypotonic saline eyedrops inserted in their eyes, when compared to control 
subjects. This suggests that lens dehydration due to osmotic variation in the tears may 
be a negligible effect, if it exists. Such studies should be interpreted with caution 
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however, since under open eye conditions, the tears are rapidly replaced and the 
drops may not have been applied often enough to maintain the desired tonicity. 
Nevertheless, it is commonly believed that most of the (open eye) lens dehydration 
that is not due to temperature increase can be attributed to evaporation. Efron and 
Brennan (Efron and Brennan, 1987) consider these as the major factors in their model 
(see Figure 1.4). Their data suggested that temperature change from vial to eye is the 
major cause of the dehydration. Although the material components responsible for 
temperature-induced dehydration were not identified, generally the greatest effect 
was seen for the materials containing NVP (Snoflex 50, Hydron Z-67 and Permalens; 
see Appendix II). The results of Kohler and Flanagan (Kohler and Flanagan, 1985), 
also support this finding. However this is a topic that has seen much debate, and as 
stated before, it would seem that these two mechanisms alone (temperature and 
evaporation) may not completely account for observed dehydration. Also, from Efron 
and Brennan's data we can see that the component of dehydration that is not 
attributable to temperature increase (the black sections in Figure 1.4) has little or no 
correlation with water content, reinforcing the idea that in-vivo water loss is a highly 
material dependent phenomenon that is sensitive to the hydrogel hydration 
characteristics on the molecular level. 
1.4.4 Timecourse of on-eye dehydration 
The timecourse of on-eye dehydration is another important consideration. Several 
researchers (Efron, Brennan et a!., 1987, Pritchard and Fonn, 1995, Weschler, 
Johnson et a!., 1983, Andrasko, 1983) found that almost all on-eye lens dehydration 
occurs within 5 minutes of lens insertion, and the dehydration is generally complete 
within 1-2 hours. However, some authors have observed dehydration to continue 
over several hours for certain lenses (Efron, Brennan eta!., 1987, Pritchard and Fonn, 
1995). Timecourses for the three lens materials studied by Efron and co-workers 
(Efron, Brennan et a!., 1987) are shown in Figure 1.5. Except for Permalens, the 
hydrations reached equilibrium within 2 hours. Dehydration due to temperature, pH 
and osmolality may occur over significantly different timescales, and this could 
explain why certain materials continue to dehydrate for longer periods. It is expected 
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(as discussed above) that pH and osmolality effects will be far more pronounced for 
ionic materials. So the fact that Permalens and Acuvue (both FDA Group 4) have 
been observed to dehydrate on the eye for significantly longer periods than other 
materials may be a reflection of their ionic nature. 
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Figure 1.5 Clinical contact lens dehydration timecourse measured for three contact lens types. (After 
Efron et. a/. (Efron and Brennan, 1987)). 
There is conflicting evidence about the variation of dehydration rate with lens type or 
lens water content, however. Weschler and co-workers (Weschler, Johnson et a!., 
1983) found no significant rate difference between a high and a low water content 
lens. In a study limited to two lens types, Andrasko (Andrasko, 1983) found that a 
high water content lens lost water faster than a low water content lens. In contrast, 
Efron and co-workers (Efron, Brennan et al., 1987) found for three lens types, that 
the rate became slightly slower as equilibrium water content increased. 
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Lens thickness has also been observed to play a role in observed on-eye dehydration. 
As stated above, it has been found that a relatively thin lens will dehydrate to a 
greater extent than a relatively thick lens of the same type. Andrasko (Andrasko, 
1982) found that the rate of dehydration was also faster for such lenses. This 
dependency has also been observed in vitro (Efron and Young, 1988). 
The fact that lenses reach an equilibrium hydration on the eye has led to speculation 
about dehydration/rehydration cycles that might occur during blinking, and 
comparisons of the open eye vs the closed eye. The most obvious difference between 
the open and closed eye states is the opportunity for evaporation when the eye is 
open. It has also been suggested that temperature or osmolality cycling at the anterior 
lens surface could cause periodic dehydration/rehydration with the blink. For 
example, the blink could cause osmotic withdrawal of water by a temporary 
hyperosmotic tear film during the open eye period of the blink cycle, since fresh tears 
are about 10% more concentrated in NaCl than steady state tears (Mishima and 
Maurice, 1961b, Mishima and Maurice, 1961a). However, it appears unlikely that 
small (<10%) changes in temperature or osmolality could cause any significant 
transient change in hydration over the period of a blink. 
Many other confounding factors may have some effect on the amount and timecourse 
of soft lens dehydration including environmental conditions, patient wearing 
routines, completeness and rate of the blink and tear characteristics. Andrasko 
(Andrasko, 1983) showed that ambient environmental conditions such as humidity 
(as mentioned above) and wind velocity had a significant effect on the amount of 
dehydration observed after 30 minutes of wear. However, as was also mentioned 
above, Brennan and co-workers (Brennan, Lowe et al., 1987) found that ambient 
temperature and humidity were of little value in predicting on-eye water loss. This is 
another example of the varied and contradictory nature of much of the clinical 
hydrogel contact lens data. In most of the clinical studies inter-subject variability in 
the data is high, which is expected due to the high number of variables that exist in 
such experiments. It is for this reason that reliable in vitro predictive models are 
much sought after. 
CHAPTER I 24 
1.4.5 The Need For Predictive Models 
To develop contact lenses that are dehydration resistant, predictive models are 
needed that include all the major parameters and factors that significantly influence 
on-eye dehydration. Such models are currently lacking. Large amounts of time and 
money are currently invested in producing consistent, non-toxic and comfortable 
contact lens materials. Clinical trials are expensive, time consuming and can expose 
patients to health risks from new, or incompletely characterised hydrogels. 
Manufacturers are also concerned with trade secrecy. Due to the challenges of 
experiments in humans, the clinical data has been highly variable in quality, with 
many inconsistencies and contradictory results. An effective clinical study must 
necessarily involve a large number of patients, who have been selected at random, 
with robust controls. There is very little data for a wide variety ofhydrogels from one 
manufacturer in one design*, or that have been tested in one laboratory. For all these 
reasons, extensive clinical data that might aid in developing predictive models is rare. 
To date, simple in vitro evaporative data has not been useful in predicting on-eye 
dehydration. In the study published by Benz (Benz, 1997) it was assumed that the 
initial rate of relative mass lost for several lens materials was initially linear. This 
rate was then shown to be higher for lower water content materials, which would 
appear to contradict general in vivo findings. They also measured re-swelling mass 
gain rates, which also did not support general clinical findings. Similarly, Efron and 
Young (Efron and Young, 1988) found that during evaporation, the rate of water loss 
(expressed as %water vs time) correlated negatively with equilibrium water content: 
evaporative rate was highest for the lower water content lenses. They also measured 
on-eye water loss for the same materials and found no correlation with the 
evaporative data. However, a more recent study during the course of this work 
(presented in Chapter 4) has shown that the rate of evaporation is not initially linear 
after exposure to ambient air conditions. It also showed that absolute evaporation 
*Producing identical contact lens designs in terms of thickness, diameter, base curve and power would be nearly 
impossible over a short time, for a comprehensive range oflens materials. The different ways each material is 
produced and their varying expansion characteristics upon hydration to EWC would require extensive trial and 
error. 
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rate plotted against time may be more useful in predicting in vivo water loss than the 
simple water content or lens mass timecourses that have been published in the past. 
Techniques that probe the behaviour of water on the molecular level have the 
potential to correlate better with clinical findings. As Brennan and Efron (Brennan 
and Efron, 1987) have stated in trying to predict in vivo lens dehydration, one 
consideration that is often overlooked is the way in which water is contained within 
the polymer matrix. We expect that water that is more highly mobile on average (ie. 
less strongly bound on average to the polymer matrix) will be able to leave the 
hydrogel more easily (Mirejovsky, Patel et al., 1993). 
One of the most commonly used techniques to study the behaviour of water in 
hydrogels has been differential scanning calorimetry (DSC). Generally from a DSC 
experiment, information about the states of water in a hydrogel and their respective 
proportions are obtained by measuring heat changes during phase transitions such as 
freezing or thawing. Typically these states have been termed 'non-freezing', 
'immobilised' or 'bound water', and 'free' or 'non-bound' water. DSC has also been 
shown to differentiate what is believed by some authors (Mirejovsky, Patel et al., 
1993) to be a third 'intermediate' state ofwater in hydrogels. 
However, other authors have disagreed with the interpretation of distinguishable 
states of water, and have interpreted the phase transitions measured by DSC as glass 
transitions (Roorda, 1994). Also, freezing and melting of water in hydrogels is a long 
process and as such the timescale of DSC is relatively long. During a DSC 
experiment, the hydrogel is in a non-equilibrium state, and these measurements have 
been shown to be sensitive to experimental conditions such as the scan rate 
(McBrierty, Martin et al., 1999). 
One technique with the potential to describe the water binding and mobility of water 
on the molecular level in a more directly quantifiable manner is proton nuclear 
magnetic resonance (NMR) (Whittaker, A. K., 1997, McBrierty, Martinet al., 1999, 
Mathur and Scranton, 1996). The proton NMR relaxation times, T1 and T2, are 
sensitive to these properties. For example, Larsen et al. (Larsen, Huff et al., 1990) 
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demonstrated that the NMR relaxation rates, l!T1 and l!T2, generally correlated with 
measured on-eye dehydration, for nine different contact lenses. In addition, using 
pulsed field gradient (PFG) NMR, the translational water mobility can be measured 
(the water self-diffusion coefficient, D). This is also a key parameter in describing the 
behaviour of water in a hydrogel. Using NMR, timescales from microseconds to 
seconds can be probed by varying experimental techniques and parameters. 
In conclusion, the expertise and technology to develop models based on in vitro 
contact lens data does exist. If such data can be correlated with material performance 
on eye, then we can establish a reliable predictive model. This would allow materials 
to be tested easily and inexpensively in vitro. Lenses that are more promising in 
regards to the determined performance characteristics might then be used in clinical 
trials, saving time and money, and ultimately leading to better and more rapidly 
developing contact lens technology. 
1.5 Thesis Outline 
The aim of this work was to use NMR based techniques to quantitatively characterise 
the molecular behaviour of water in a series of commercial contact lens hydrogels. 
This behaviour would be measured in terms of binding and mobility, ultimately to be 
able to predict a material's potential to dehydrate on the eye. 
Following this introductory chapter is Chapter 2, entitled "NMR Theory and 
Methods". This chapter will present the basic NMR theory, with a more detailed 
review of the theory of relaxation in water. This chapter also reviews NMR 
techniques for measurement of T1, T2 and diffusion coefficient (the main techniques 
used in this study), and some experimental considerations. 
Chapter 3, "Relaxation and Diffusion in Hydrogels: Theory and Literature Review", 
extends the NMR relaxation theory to hydrogels and similar systems. It includes a 
literature review for NMR relaxation studies of these systems, and the models that 
have been used to fit this type of data. The last section Chapter 3 is concerned with 
translational diffusion in hydrogels and models that have been used to describe this. 
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Chapter 4, "Hydrogel Contact Lens Evaporation in vitro", details a preliminary study 
of in vitro evaporative data and how it relates to the dehydration observed on the eye. 
The inadequacy of this type of data in predicting on eye water loss is shown, and 
conclusions about how this data is best interpreted and presented are drawn. 
Chapter 5, "An NMR Study of Water Diffusion in Hydrogels" deals with 
comprehensive measurement of water diffusion coefficient (D) in a series of 
commercially available contact lens hydrogels, using NMR pulsed field gradient 
techniques. D was measured as functions of water content, temperature and diffusion 
measurement time, and the data modelled using modified free volume theory and a 
separate, specific binding model. 
Chapter 6, "A Study of NMR Relaxation in Hydrogels", describes comprehensive 
measurements of spin-lattice relaxation time (TJ) and spin-spin relaxation time (T2) 
for a series of commercially available contact lens hydrogels. These were measured 
as functions of temperature and water content. The data was shown to be complex in 
nature and was modelled using theory that accounts for multiple proton species and 
chemical exchange between them. Conclusions are drawn about the correlation 
between T1/T2 relaxation behaviour, and the hydrogel composition/water content. 
In Chapter 7, "Conclusions and Future Work" the various findings of this thesis are 
pulled together and the main conclusions commented on and summarised. 
Appendix I of this thesis details the exact chemistry of the materials used in this 
work, as found in the patent literature. Appendix II details the basic composition, 
EWC and classification of all commercial lenses mentioned in the thesis. 
Calculations that were presented (as final results) elsewhere in this thesis (based on 
these formulations) are shown in detail in Appendix III. Appendix IV details the 
formula for the hydrating buffer used throughout this work. Finally, Appendix V 
details the results of a mathematical blink model used early in the course of this 
work, which was shown to be ineffective in predicting on-eye water loss. 
CHAPTER2 
NMR Theory and Methods 
2.1 Basic NMR Theory 
2.1.1 General Introduction 
A ground state nucleus with non-zero spin has both angular momentum and magnetic 
properties. The angular momentum !, is characterised by the spin angular momentum 
quantum number I, which may take integer or half-integer values. It will impart to the 
nucleus a magnetic moment, Jl, where: 
Jl = rfi! [ 2.1 ] 
where y is the gyromagnetic ratio of the nucleus, li = h/2;r and ! = ~ 1(1 + 1). In the 
presence of a static magnetic field B0 applied in the z direction, the z projection of the 
angular momentum, L can take values -1, -1+ I, ... , 0, ... , 1-1, I, with corresponding 
Zeeman energies given by: 
[ 2.2] 
Magnetic resonance involves the excitation of transitions between these Zeeman 
energy levels. A second, time dependent magnetic field (B1), applied perpendicular to 
Bo, will excite these transitions. If the B1 field oscillates sinusoidally along the x-axis 
in the laboratory frame, it can be written: 
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B1 (t) = 2B 1 (cos cut )x1 [ 2.3] 
Such a field will excite transitions for which 11m = ±1, provided that the energy of the 
corresponding photons tzw, matches the Zeeman splitting, llE = -yliB0 , leading to 
the resonance condition: 
cv = (J)o = yBo [ 2.4] 
For the 1H nucleus (or proton), /=1/2 and the static field results in a Zeeman splitting 
into two energy levels, with m = ±1/2. 
Just as a gyroscope with its axis inclined to the vertical will precess in the earth's 
gravitational field, a nucleus with magnetic moment f.l, will precess in a static 
magnetic field, Bo if inclined to the direction of that field. The torque acting on such a 
nucleus is given by: 
[2.5] 
By equating the torque to the rate of change of angular momentum, the equation of 
motion of the nuclear magnetic moment vector follows: 
[2.6] 
This describes a precession of the magnetic moment about the Bo field. The frequency 
of the precession is called the Larmor frequency, eva and is given by: 
eva = yBo [2.7] 
(cf Equation 2.4). This magnetic moment precession is detected by nuclear magnetic 
resonance, but we are normally interested in the total sample magnetisation, rather 
than the individual magnetic moments. A precessing magnetisation can be detected 
by a receiver coil wrapped around the sample as it will induce a current in the coil 
according to Faraday's law of electromagnetic induction. However, as described 
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above, the magnetisation must firstly be inclined or 'tipped' away from the Bo field 
direction in order for it to precess, and thereby be detected. At equilibrium, there is a 
net magnetisation in the z direction (direction of Bo), termed the longitudinal 
magnetisation. This magnetisation can be tipped away from the Bo field giving it a 
transverse component, by applying the time dependent field B 1 that was described 
above. 
2.1.2 Pulsed NMR and Relaxation 
An oscillating B 1 field can be considered as a superposition of counter-rotating 
components. Consider a rotating magnetic field that rotates at the Larmor (or 
precession) frequency of the magnetisation. It will appear stationary in a frame that 
also rotates at the resonant frequency. In this rotating frame the magnetisation will 
then precess about this B1 field, just as it precesses about the B0 field in the stationary 
frame. If the B 1 field is applied in the form of a short pulse of duration zp, the effect 
will be to impart to the magnetisation a transverse component, by tipping it through 
an angle, e. It follows that: 
[ 2.8] 
(}(the tip angle) can be controlled by adjusting zp (the pulse length). For protons, the 
resonant frequency is typically in the MHz or radio frequency (RF) range. The B 1 
magnetic field pulses are therefore referred to as RF pulses. In most general 
applications 90° RF pulses that completely tip the magnetisation into the transverse 
plane are used, in combination with 180° pulses which completely invert the 
magnetisation. 
Following a perturbation induced by an RF pulse, the magnetisation will return to its 
equilibrium state parallel to the static magnetic field B0. The NMR relaxation times 
T1 and T2 describe the rate at which this return to equilibrium occurs. T1 is termed the 
longitudinal relaxation time and is the rate at which the longitudinal magnetisation 
(Mz) grows back to its equilibrium value. Longitudinal relaxation occurs due to 
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energy exchange between excited nuclei (or 'spins') and their environment (the 
'lattice'), and is therefore also known as spin-lattice relaxation. The transverse 
relaxation time, T2 is the rate at which the transverse magnetisation (Mr) decays 
following the B1 pulse, due to interactions between neighbouring spins. T2 relaxation 
is therefore also known as spin-spin relaxation. Under conditions of rapid molecular 
motion, such as is encountered in isotropic liquids, both T1 and T2 relaxation are 
described by exponential functions of time. For the case of free precession of the 
magnetisation in a uniform static magnetic field, following a 90° pulse, the relaxation 
can be expressed as (Bloch, 1946): 
[ 2.9] 
[ 2.10 l 
In the following sections, the limit of rapid molecular motion will be assumed, and in 
particular the case of water proton relaxation will be considered in detail. Following 
a description of the basic theory of T1 and T2 relaxation in bulk water (Section 2.2), 
the theory will be extended to water in hydrogels (Chapter 3). 
2.2 Proton Relaxation in Water 
2.2.1 The dipolar interaction 
The intrinsic molecular interactions that contribute to T1 and T2 can readily be 
identified for simple liquids such as water. This section contains a general description 
of relaxation due to magnetic dipolar couplings in simple liquids. However, the 
discussion will refer to 'water' specifically, since water is the basic system with 
which this work is concerned. Section 2.2.2 will discuss the application of this theory 
to bulk water. 
For water, the magnetic dipolar interaction between neighbouring protons is the only 
significant interaction affecting (proton) relaxation. Each proton experiences a local 
magnetic field that is the sum of the dipolar magnetic fields from neighbouring 
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protons and the Bo field. In addition, these local dipolar magnetic fields will be 
rendered time dependent, due to molecular motion. A complete derivation of the 
following theory can be found in standard texts (Abragam, 1983c, Slichter, 1989). 
Only the key results will be presented here. Central to the theory is the use of time 
independent perturbation theory to give us insight into the effect of the dipolar 
interaction on the Zeeman energy levels. That is, the dipolar Hamiltonian H0 can be 
treated as a perturbation on the Zeeman Hamiltonian, Hz: 
[ 2.11 1 
where for a pair of nuclear spins, Hz is given by: 
[ 2.12] 
And the Hamiltonian for the magnetic dipolar coupling takes the form: 
[ 2.13] 
By transforming to polar coordinates and making use of the raising and lowering spin 
operators, IT and I: 
[ 2.14] 
[ 2.15] 
an alternative expression can be derived for the dipolar Hamiltonian which involves 
five terms (assuming a pair of identical spin Yz nuclei), each in the form of a product 
of a spin component (the A(n) terms) and a spatial component (the F(n) terms) 
(Abragam, 1983a): 
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where 
p(o)=l-3cos 2 B 
p(l) = sinBcosB.ei¢ 
p(z) = sin 2 e.e-Zi¢ 
p(-n) = p(n)* 
and 
A(o) = 4(IIJ2z )-(It I;+ II- I;) 
A(!) = -6(It I2z + IIJ;) 
A(2) = -3(It I;) 
A (-n) = A (n):= [ 2.16] 
The A (O) term involves three diagonal elements which induce no transitions between 
the Zeeman energy levels, and therefore no change in L and the longitudinal 
magnetisation, M. The A(±I) and A(±l) terms however, induce changes in L of ±1 and 
±2 respectively, bringing about energy level transitions and spin-lattice relaxation. 
The contribution of each of the terms in the dipolar Hamiltonian to both T1 and T2 
relaxation can be better understood and quantified by defining the auto-correlation 
and spectral density functions, which describe the effect of molecular motion. 
Following a molecular motion event, or collision, the spatial functions of the two 
interacting nuclei are expected to be correlated in time to some degree. This time 
dependence can be characterised by the auto-correlation function, defined as: 
[ 2.17] 
where r is the correlation time for molecular motion. The Fourier transform of the 
auto-correlation function gives the spectral density function or power spectrum, J( m), 
which represents the intensity of molecular motions as a function of frequency. The 
spectral density function is given by: 
Of) 
J<nl(m)= JG(n)(r)eimdr [2.18] 
-Of) 
Using the above expressions and the density matrix, the following expressions for T1 
and T2 can be derived (Abragam, 1983b ): 
;, = ~ ( :; r y 4h2 !(! + IJ{J''' (w, )+ J''' (2w, )) [ 2.19] 
CHAPTER2 34 
[ 2.20] 
If the molecular motion, and hence the local field fluctuations are random and 
isotropic, then the auto correlation functions decay exponentially in time, and their 
Fourier transforms (the spectral density functions) are Lorentzians. Figure 2.1 is a 
schematic plot of the spectral density function J( OJ), for long, intermediate and short 
correlation times. In temperature terms, these correspond to low, intermediate and 
high sample temperatures respectively. As can be seen, for long correlation times the 
intensity at low frequency is relatively high. It drops off very quickly with OJ though, 
reflecting the absence of high frequency motions. The short correlation time spectral 
density extends from zero frequency over a larger range of frequencies, but has a 
relatively lower intensity across the entire range. The frequency at which the spectral 
density decreases to half its maximum value is dependent on the correlation time and 
given by ~ 1/ rc. It should be noted that this representation assumes a single 
correlation time. Any motion that is not adequately described by an exponential auto 
correlation function, or the existence of more than one (or even a distribution of) 
correlation time(s) will increase the complexity of the spectral density function. Such 
complications will be considered in Chapter 3. 
With the above assumptions, T1 and T2 can then be expressed in terms of Lorentzian 
functions of the correlation time ( rc) for rotational molecular motion and hence local 
magnetic field (dipolar) fluctuations: 
[ 2.21] 
[2.22] 
where 
[ 2.23] 
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where Lrj-6 is a sum over all proton pairs. For water, C can be calculated to be 5.33 x 
109 s-2 (Abragam, 1983d). This value was used in all subsequent calculations. 
Equations 2.21 and 2.22 are often called the BPP equations, after Bloembergen, 
Purcell and Pound (Bloembergen, Purcell et al., 1948). The underlying BPP 
assumptions are that the molecular motion is rapid and isotropic and can be described 
by a single correlation time. In qualitative terms, these expressions express the fact 
that T1 relaxation is dominated by molecular motion (and hence dipolar fluctuations) 
at the resonant frequency, m0, and to a lesser extent, twice the resonant frequency, 
2 OJ0 • These are relatively rapid motions, typically in the tens or hundreds of MHz 
range, and the intensity of molecular motion at these frequencies will determine the 
efficiency of T1 relaxation. On the other hand, T2 is dominated by slow molecular 
motions (frequencies that approach zero), with motions at the resonant frequency and 
twice the resonant frequency also contributing, but to a lesser extent. 
~ I long 'c 
intermediate 'c 
short 'c 
Frequency, ro 
Figure 2.1 The spectral density, J((J)) vs {J), as a function of correlation time, rc. 
Following from the behaviour of the spectral density as a function of rc, T1 and T2 can 
be plotted as a function of rc using Equations 2.21 and 2.22 (above). However Tc is 
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itself dependent on temperature since molecular motion will generally become more 
rapid with increasing temperature (shorter r,). That is, Tc is thermally activated. 
Commonly the temperature dependence of Tc is assumed to obey an Arrhenius 
activation law of the form: 
[2.24] 
where EA is the activation energy of the molecular motion, and To (the 'Arrhenius 
coefficient') is the correlation time at infinite temperature. Consequently, T1 and T2 as 
a function of temperature are commonly plotted as ln(T,,T2) vs liT (an 'Arrhenius 
plot') and this is shown in Figure 2.2. The minimum in T, occurs near the resonant 
frequency (as indicated on the plot) and shows that spin lattice relaxation is most 
efficient at this frequency. T2 however, decreases with increasing Tc across the entire 
range. Following from the equations forT, and T2 above (Equation 2.21 and Equation 
2.22) and the Arrhenius Law for Tc, it can be shown that at high temperatures, (for 
which morc<<l) a plot of ln(T,) vs liT will have slope +E/kT while at low 
temperatures (more>> 1) the slope will be -E.JkT. In contrast, a plot of ln(T2) vs liT 
will have slope -EA/kT in both the high and low temperature limits. 
-N !::. 
c 
1/T (1/K) 
DECREASING CORRELATION TIME ('tc) 
Figure 2.21nh lnT2 vs 1/T 
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2.2.2 Molecular motion in water 
For water, the molecular motions that have frequency components in the range that 
will cause relaxation can be divided into two categories. The first is angular 
reorientation of the water molecules caused by rotational motion (also known as 
rotational diffusion). This type of motion will modify the intra-molecular dipolar 
interaction between protons of the same water molecule. The second type is 
translational diffusion of the molecule, which will modify the inter-molecular dipolar 
interactions between protons of different water molecules. Since the dipolar 
interaction is proportional to r-3 , the intra-molecular interaction (where r ~ 1.59 
Angstroms) will be the main cause of relaxation, with the inter-molecular interaction 
(for which the average separation r ~ 2-3 Angstroms) contributing less. 
The BPP theory in section 2.2 derived the spectral density functions for T1 and T2, due 
to molecular rotational motion. In a similar manner, the spectral density functions for 
T1 and T2 from translational motion can also be derived, starting with Fick' s law for 
diffusion: 
lfi'(r,t) = D/::,.'f! 
dt 
[ 2.25] 
where 'f! is the probability that the line joining two dipoles will be r, at time t. D is 
described by the Stokes-Einstein equation which assumes the water molecules are 
spherical and have radius, a: 
D =__!!!__ 
6trary 
(k = Boltzmann's constant; T =temperature; 7J = viscosity). 
The solution to Equation 2.25 is given by: 
3 -(r-r0 ) 2 
'f!(r,r0 ,t)=(4;rDt) 2 e 4D' 
[2.26] 
[ 2.27] 
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where r0 is the dipole-dipole separation at t=O. From this, expressions for the auto-
correlation function and spectral density function can be derived. The derivation is 
done in detail by Abragam (Abragam, 1983d) and assuming fast molecular motion 
(ie. OJ < < 1/rr, 11 rR) leads to the result: 
J(o) = 48Jr J(O) 
15 
J(!) = 8Jr J(O) 
15 
J(2) = 32Jr J(o) 
15 
2 N 
where J(O)= ---
15 Dd 
[ 2.281 
(where N = density of dipoles; d = distance of closest dipole approach; D = 
translational diffusion coefficient= cf!2rr; Tr =translational correlation time.) From 
the general description for relaxation in terms of the spectral density functions 
(Equations 2.19 and 2.20), it follows that: 
_1 = _1_ = l(f.lo )2 y4n2 !(I+ 1)[16Jr _!!__] 
T;T T2T 2 4Jr 45 Dd 
[2.291 
where TIT and T2T are the relaxation times due to translational molecular motion. 
Assuming the dipoles are rigid molecules of radius a, and d=2a, then: 
[ 2.301 
Using Equations 2.21 and 2.22 for the contributions to T1 and T2 from rotational 
motion, and again assuming fast molecular motion, it follows that: 
rr -! T -! 6 
J.!T - 2T - 34Jr Nr 0 4 ~-~--5-7~· 
!R 2R 
[ 2.31 1 
The values N= 6.75 x 1028 m-3; r = 1.58 x 10-10 m; a= 1.74 x 10-10 m have been 
used for water as quoted in the literature (Abragam, 1983c ). This calculation shows 
that in the fast molecular motion regime, the relaxation rates in bulk water due to 
translational motion are 40% of the relaxation rates due to rotational motion. 
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2.3 NMR Measurement of T1, T2 and D 
2.3.1 T1 Measurement: The Inversion-Recovery Technique 
Because the longitudinal magnetisation cannot be observed directly, T1 must be 
measured indirectly through observation of the transverse magnetisation. One method 
of doing this is to use the inversion-recovery (IR) technique. 
In this pulse sequence, an initial 180° RF pulse is applied which inverts the 
magnetisation. A delay r is then allowed before the longitudinal magnetisation is 
'read out' by applying a 90° RF pulse. This effectively converts the longitudinal 
magnetisation into transverse magnetisation, which can be detected through the RF 
receiver coil. By then allowing the magnetisation to return to equilibrium and 
repeating this two pulse sequence with progressively longer values of r, the 
exponential recovery of the magnetisation can be mapped. However, since the 
magnetisation is initially inverted, the equation describing recovery of the 
longitudinal magnetisation (cf Equation 2.9) becomes: 
M 2 (t) = M z ( 0 ).( 1- 2A.e -;4;) [2.32] 
Here, A (which ideally is unity) is a correction term for an imperfect 180° pulse. As 
shown by Figure 2.3 the magnetisation increases from a negative value through zero 
before reaching its equilibrium baseline. It is important to ensure that the relaxation 
returns completely to equilibrium between 180°-90° pulse pairs. In other words, the 
recycle time or repetition time must be at least 4-5 times T1 so that the magnitude of 
M is within 5% of its equilibrium value between pulse pairs. Another consideration 
is that a good baseline (M(O)) is needed for reliable exponential fits to be obtained 
from the data, since there will be equal errors in M(O) and M(t) (see Equation 2.32). 
Thus M(O) should strictly be sampled the same number of times as the (non-
equilibrium) M(t), but this can be relaxed to some degree in practice smce 
measurements of M(O) will have a better signal-to-noise ratio than the other data 
points. A reliable baseline is also important for removing systematic DC offsets that 
can occur in NMR systems. This is done by using a baseline-correcting algorithm 
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before fitting the data to Equation 2.32, or by adding a DC offset to Equation 2.32 as 
a third free parameter, and fitting this equation to the data. 
INCREASING 180°190° SPACING ( 1) • 
-Mo 
Figure 2.3 A schematic T1 recovery curve. 
2.3.2 T2 Measurement: The Carr-Purcell Meiboom-Gill Method 
2. 3. 2.1 Dephasing of the Transverse Magnetisation 
In order to understand the Carr-Purcell Meiboom-Gill (CPMG) T2 measurement 
technique, one needs to consider what happens to the magnetisation when it is tipped 
into the transverse plane with a 90° pulse (also known as an excitation pulse). As 
stated above, T2 is the rate at which this transverse magnetisation decays. This decay 
is referred to as 'dephasing' since it is caused by processes which affect the local 
magnetic field experienced by a particular spin and prevent different nuclei of the 
same species from precessing at exactly the same frequency, or in other words stop 
them from precessing in phase. Any phenomenon that makes the magnetic field 
experienced by a particular proton different from that experienced by a neighbouring 
proton will cause this to happen. For example, this can occur due to local differences 
in electron density surrounding a nucleus due to the chemical binding environment of 
the nucleus (termed the chemical shift). However, dephasing will also be caused as a 
result of imperfections in the B0 field, as will now be discussed. 
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The underlying assumption in all the previous theory was that the static Bo field is 
perfectly uniform, but in practice this will not be the case. In the laboratory situation, 
compensating shim magnets are used to make the static field as homogeneous as 
possible, but there will still always be small Bo inhomogeneities present. After an 
excitation pulse, the decaying transverse magnetisation (known as the free induction 
decay, or FID), will have a decay constant (T;*) which is in general shorter than that 
which would be obtained if the B0 field was perfectly homogenous - the intrinsic T2 
value. Usually we want to measure the intrinsic T2, which will give us information 
about molecular interactions, so a method is required that will remove the dephasing 
caused by Bo inhomogeniety. 
2.3.2.2 The Spin Echo 
The spin echo was discovered by Hahn (Hahn, 1950) and a general understanding of 
its origin can be obtained by considering what happens to the transverse 
magnetisation M, after a 90° - r- 180° pulse sequence, where r is again a variable 
delay time. The behaviour of the transverse magnetisation in the rotating reference 
frame can be represented graphically by vectors called isochromats, which indicate 
the phase of groups of spins with a common precession frequency. This is shown in 
Figure 2.4, for the case of a spin-echo sequence. 
t=O 
z' 
(90°)x· 
l 
0 
t=-r 
(before 180') 
z' 
(180°)x· 
I 
'r 
t=-r 
(after ISO') 
z' 
t=2-r 
z' 
spin 
echo 
~ 
2-r 
Figure 2.4 The spin echo, shown using spin isochromats in the rotating frame (x'-y'). 
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Immediately following the excitation pulse,_ the entire magnetisation (FID) is in 
phase. However, since there are small Bo inhomogeneities, spins at different spatial 
positions in the sample precess at slightly different frequencies (both higher and 
lower than the true resonant frequency) and cause the magnetisation to dephase, 
indicated in Figure 2.4 by a 'fanning out' of the isochromats in the transverse plane. 
If a delay r is allowed before applying a 180° pulse, the transverse magnetisation will 
be inverted, but still exist in the transverse plane. This causes the spins to precess at 
the same frequency, but in the opposite direction to that before the 180° pulse. After 
another period of exactly r, the magnetisation will then rephase, or 'reappear'. This is 
called the spin echo, and the delay 2 r is called the echo time (TE). If the 180° pulse is 
applied along the same axis as the excitation 90° pulse, the spin echo will be 
rephased with opposite phase to the initial FID, as shown in Figure 2.4. However, if 
the 180° pulse is applied perpendicular to the 90° pulse, (phase shifting it by 90°), the 
spin echo will have the same phase as the initial FID. 
0~-~-~~-~~~~~~==~--------
0 
INCREASING #CPMG 180° PULSES --· 
Figure 2.5 A schematic T2 decay curve. 
By usmg a spin-echo pulse sequence, Bo inhomogenity effects are effectively 
removed. In general of course, the magnetisation will also dephase due to intrinsic 
molecular interactions, such as the magnetic dipolar coupling, which are not 
reversible and are therefore responsible for the intrinsic relaxation processes. Hence 
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by measuring the decay of the spin echoes as a function of the delay time r the 
intrinsic T2 values can be quantified. A schematic T2 decay curve is shown in Figure 
2.5. 
2.3.2.3 The Carr-Purcell Sequence 
In liquids like water that exhibit rapid molecular motion, the molecules diffuse 
relatively rapidly. Consider the spin echo sequence of Figure 2.4 again. If a molecule 
diffuses from point A to point B during the echo time, then it may experience a 
slightly different static field at B, than it did at A. As a result it's magnetisation will 
now no longer completely rephase at the spin echo. The apparent decay of the spin 
echo will then be faster than that determined by the intrinsic T2 of the sample. 
Carr and Purcell (Carr and Purcell, 1954) developed a pulse sequence (CP) that 
removes this dephasing arising from diffusional motion as well as that deriving from 
the residual Bo inhomogeneity. The Carr-Purcell sequence comprises a 90° pulse 
followed by a delay 't' and then a train of n 180° pulses separated by delays of 2 r. 
This refocuses a train of echoes between 180° pulse pairs, with alternate echoes 
refocussed 180° out of phase, with respect to the initial 90° pulse. The decay 
envelope of these echoes will be a closer representation of the intrinsic T2. It can be 
shown mathematically that the effect of diffusion will be reduced by a factor 4n2 for 
the nth echo in a CP sequence. In a practical situation T2 can be measured as a 
function of the number of CP pulses (or CP interpulse spacing, keeping the total 
decay time constant) and intrinsic T2 calculated by extrapolation to an infinite 
number of CP pulses (or zero interpulse spacing). 
In general the RF pulses transmitted by an NMR spectrometer will also be imperfect 
and will not cause the sample magnetisation to be flipped through exactly 180°. This 
means that the magnetisation will not be perfectly inverted by a 180° pulse, and it 
will consequently be rephased slightly above or below the xy plane. The effect of a 
large number of consecutive RF pulses (such as the Carr-Purcell pulse train) is to 
accumulate these small pulse errors to the point where they become significant. This 
can be overcome by phase shifting every second 180° pulse by 180°, so that the pulse 
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tip angle errors are cancelled at alternate echoes. The effect is shown in Figure 2.6. 
The pulse errors are no longer accumulated, but rather cancelled for every second 
echo. Consequently every second echo only is normally acquired in the CP sequence . 
• 
········:,~. 
. 
. 
. ~~-·· FID ~ (180°)-x· ECHO #1 
Figure 2.6 Effect of the Carr-Purcell pulse sequence on the transverse magnetisation in the rotating 
frame (x'-y'). 
2. 3. 2. 4 The Meiboom Gill Modification 
Meiboom and Gill (Meiboom and Gill, 1958) developed a simpler method of 
compensating for the RF pulse errors in a CP sequence, They did this by phase-
shifting all the 180° pulses in the Carr-Purcell train by 90° with respect to the 90° 
excitation pulse. In other words, if the excitation pulse is applied along the x axis in 
the rotating frame, then the 180° pulses are applied along the y axis in the rotating 
frame. All echoes are then refocussed in the same direction, along the y axis in the 
rotating frame, regardless of the exact tip angle of the 180° pulse. The sequence is 
then known as a Carr-Purcell Meiboom-Gill or CPMG sequence. 
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2.3.3 Diffusion Measurement: The Pulsed Field Gradient Technique 
As well as measuring T1 and T2, which for water mainly gives information about the 
rotational motion of water molecules, the self-diffusion coefficient (D) can also be 
measured. Self-diffusion arises from Brownian motion of molecules and is thermally 
activated. It is dependent purely on the translational motion of the water molecules. 
Following from the Stokes-Einstein description of diffusion, the mean square 
displacement of a diffusing spherical particle is given by: 
(r2)=(x2)+(y2)+(z2) [2.33] 
=6Dt 
2. 3. 3.1 The pulsed field gradient spin echo method 
The standard NMR technique used for measuring D is the pulsed field gradient spin-
echo (PFGSE) technique which was originally developed by Stejskal and Tanner 
(Stejskal and Tanner, 1965). It makes the use of pulsed magnetic field gradients that 
effectively label the spatial position of spins, or in our case, water protons. 
As alluded to in section 2.3.2.3, protons that diffuse in the presence of a magnetic 
field gradient move through regions of differing magnetic field, causing them to 
precess at different frequencies. Stejskal and Tanner used a standard 90° - 180° -
echo sequence, but applied two identical rectangular gradient pulses between the 
90°/180° pulses and the 180° pulse/echo, as shown in Figure 2.7. In the absence of 
motion, each proton will precess at the same frequency during both gradient pulses. 
However, if a proton moves, ( for example as a result of the diffusion of a water 
molecule to which it is attached), it will experience a different magnetic field during 
the second gradient pulse, and precess at a different frequency. This means that the 
magnetisation of different protons in the sample will not be perfectly refocussed at 
the echo. The decrease in amplitude of the echo can be used to calculate the diffusion 
coefficient as long as the gradient pulse magnitude (G), duration ( 5) and gradient 
pulse separation (il) are known. The equation that describes the signal (S(t)) 
attenuation, assuming negligible background gradient, is known as the Stejskal 
Tanner (ST) equation: 
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where 2 r is the echo time. 
G G 
spin 
echo 
[2.34] 
Figure 2.7 The Stejskal Tanner spin echo pulsed field gradient pulse sequence. 
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In a PFGSE experiment, the gradient magnitude (G) is generally stepped from zero to 
some maximum value (Gmax) and the amplitude of the spin echo recorded for each G 
value. The resulting echo decay curve is then fitted to the ST equation using (for 
example) a non-linear least-squares fitting procedure. For bulk water at normal 
temperatures, the PFGSE method works well with moderate gradients. However, 
when D is significantly lower, higher gradient magnitudes, longer gradient pulses or 
longer gradient pulse separations are needed to attenuate successive echoes 
significantly and hence fit the data with confidence. Even the robust gradient coils 
used in modem NMR laboratories have limits on the magnitudes and gradients that 
can be pulsed with them. (The currents required to induce these magnetic gradients 
can easily reach tens or even hundreds of Amperes!). Thus the gradient duration 
eventually needs to be increased also, resulting in an increased echo time and loss of 
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signal due to T2 relaxation. Since samples with low diffusion coefficients also 
commonly have low T2 values, the PFGSE technique quickly becomes unusable. 
2. 3. 3. 2 The P FG stimulated echo method 
The stimulated echo (STE) PFG technique (Tanner, 1970) allows the measurement of 
much lower D values, when T1 n T2• The sequence is shown in Figure 2.8 and 
comprises a 90° - r1 - 90° - r2 - 90° pulse sequence. It can be shown that at time r1 
after the third 90° pulse, a maximum of half the originally excited signal will be 
refocussed as the stimulated echo. The magnetisation that comprises this echo is 
unique, because in the time between the second and third pules it is stored 
longitudinally, or in the z direction. During this time it will decay with time constant 
T1, and not T2 as is the case during other parts of the sequence. This means that the 
delay r2 can be set to be ~T1 , and much longer L1 achieved, with r1 kept short to 
minimise TE and hence T2 decay of the signal. 
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Figure 2.8 The stimulated echo PFG pulse sequence. 
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Relaxation and Diffusion in Hydrogels: 
Theory and Literature Review 
3.1 Introduction 
As described in Chapter 1, a hydrogel is a polymer-water system in which water 
molecules are hydrogen bonded to electronegative groups on the polymer. Although 
there are thousands of hydro gels commonly in use today (and hundreds even in the 
contact lens industry), the basic system is the same for all hydrogels (cross-linked 
hydrophilic polymer plus water). It is therefore expected that the proton NMR 
relaxation behaviour for all these materials should be describable in terms of the 
same basic model. 
An important difference that needs to be considered in comparing the 1 H NMR 
properties of bulk water and a hydrogel is that there is more than one proton species 
in the hydrogel. Any or all of these protons, depending on the NMR experiment and 
their NMR visibility (see below), may have to be accounted for separately. In some 
cases, two strictly different species may behave similarly and can therefore be 
approximated as a single proton species in the model. In addition, different groups of 
protons may be coupled together via exchange processes, which may include 
molecular exchange (in the case of different classes of water molecules) and 
chemical exchange of protons (or transfer of magnetisation) between water and 
polymer. At the most basic level the groups can be divided into polymer protons and 
water protons. Commonly these have been further divided into 'free', 'intermediate' 
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and 'bound' water, and into exchangeable and non-exchangeable polymer protons 
(Sung, Gregonis et al., 1981, Tanaka, Matsukawa et al., 1998, Hills, 1992b). 
NMR visibility refers to whether or not a particular proton species will be 'visible' 
(ie. directly measurable) by a particular NMR experiment. This characteristic will 
depend on both the relaxation properties of the species and the time-scale of the 
measurement. The latter, in tum, will be limited by characteristics of the NMR 
spectrometer, such as the 'dead time' following a 90° pulse and the available pulse 
power. If the time-scale of the measurement is denoted by r, any protons for which T2 
<< r will have their magnetisation effectively decay to zero during this period. Thus 
only protons for which T2 ~ r will be visible. For example, polymer protons are 
expected to have T2 ~ 1 00!-ls. With the equipment used in this study, they will not be 
visible in a CPMG experiment since hardware limits the CPMG pulse spacing to at 
least 375!-ls. 
In order to model proton relaxation in a hydrogel therefore, the manner and extent to 
which the behaviour of the hydrogel water protons differs (if at all) from that of bulk 
water protons must firstly be considered. In addition, the way polymer protons 
behave and to what extent they will contribute to the NMR signal directly or 
indirectly (via exchange) needs to be accounted for. Chapter 3 will therefore review 
the literature on NMR studies of hydrogels and discuss some of the existing models 
for NMR relaxation and diffusion of water in hydrogels and similar systems that have 
been proposed in the literature. 
3.2 Multi component relaxation 
A sufficiently short 90° excitation pulse will excite all protons in a sample. For 
example, a system containing multiple proton species (labelled alphabetically 
a,b, ... ), distinguished by their intrinsic relaxation times, (Tap; a= 1, 2; fJ= a, b, ... ) 
will generally show multi-component T1 and T2 behaviour. The measured T1 and T2 
curves will then be a linear combination of the individual T1p and T2p curves and 
therefore multi-exponential. (Of course, this assumes that each species has a long 
enough T2 to be visible in the relaxation experiment). 
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However, if the different proton species are exchangeable, or more generally, the 
magnetisation of these protons is exchangeable, the measured relaxation curves will 
reduce to a single exponential under sufficiently rapid exchange. The measured 
relaxation times will then be a weighted average over all rapidly exchanging proton 
states, as described by Equation 3.1 for a two proton system. The condition for rapid 
exchange will reflect the timescale of the measurement, which for NMR is generally 
in the range of milliseconds to seconds, depending on the experiment. The 
mechanisms for magnetisation transfer as they apply to the hydrogel are examined in 
the following section. 
1 =Pa+1-pa 
Ta(measured) Ta Tb 
[ 3.1 l 
where Pa = number of a protons/total number of protons. 
3.3 Magnetisation Transfer 
Magnetisation transfer (MT) can be broadly described as the exchange of 
magnetisation between two chemically distinct proton pools ( eg. water protons and 
polymer protons). MT covers two important processes in the hydrogel case. These are 
chemical exchange of protons between water and polymer protons and cross-
relaxation. The dominant process of transfer of magnetisation amongst water protons 
is translational diffusion, however this process is not normally described under the 
term 'MT'. The effect of MT (and translational diffusion) is to transfer a proton 
magnetisation that was in one chemical environment (with characteristic relaxation 
times) into a different chemical environment with (in general) different characteristic 
relaxation times. The various proton pools that will exist in a hydrogel and the above-
mentioned mechanisms that couple them are shown schematically in Figure 3 .1. 
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Figure 3.1 Schematic diagram of the proton pools in a hydrogel and the mechanisms that couple 
them. 
Both translational diffusion and chemical exchange originate from random Brownian 
motion, which is thermally activated. Chemical exchange describes the spontaneous 
exchange of protons between two neighbouring molecules. This type of exchange is 
important from a relaxation viewpoint if it occurs between 'sites' which have 
significantly different intrinsic relaxation times. In the hydrogel case this happens 
CHAPTER3 52 
when a water proton exchanges with an exchangeable polymer proton. For the 
hydrogels used in this study the only exchangeable polymer protons are hydroxyl 
protons. 
Cross-relaxation describes a transfer of longitudinal magnetisation between 
neighbouring protons. The phenomenon occurs due to the A(O) term in the spin 
component ofthe dipolar Hamiltonian (see Equation 2.16) that has products of both 
the raising and lowering spin operators of the form !1 + H and !1-h +. These 'flip-flop' 
terms result in propagation of z-magnetisation, without exchange of the protons 
themselves or the molecules containing them. As was stated in section 2.2.1, these 
terms do not contribute to spin-lattice relaxation, since they invoke no net change in 
the z-magnetisation. Rather, they couple nuclei with opposite spin, changing the sign 
of their spin. This effectively transfers the magnetisation from one nucleus to the 
other, and vice versa. Cross-relaxation will only occur between two protons when 
each has longitudinal magnetisation. The process is most efficient in highly coupled, 
solid-like proton pools (that have very short T2), such as the protons on a polymer 
and in this case is known as 'spin diffusion'. Cross relaxation is not a significant MT 
process amongst water protons, since water translational diffusion is much faster, 
and dominates. It can occur between a water proton closely associated with the 
polymer and a polymer proton, but in an NMR experiment this will be 
indistinguishable from chemical exchange, which is generally considered to be the 
dominant process in polymer-water MT. 
3.4 Hydrogel Relaxation Models 
3.4.1 Hydrogel relaxation studies in the literature 
In general, the literature is lacking in comprehensive NMR relaxation studies of 
water in hydrogels, particularly contact lens hydrogels. However, there has been 
related research concentrated on biological macromolecular protein NMR, and on 
other gel systems such as gelatine, agarose and acrylamide. These systems have 
fundamental similarities with the hydrogels used in this study. Specifically, the 
proton pools found in them are expected to have similar properties, and the 
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interactions between these pools are also expected to be potentially the same or 
similar. 
Early work on the modelling of proton relaxation in multi-component systems was 
performed on solutions of paramagnetic ions (Swift and Connick, 1962, Luz and 
Meiboom, 1964) where exchange between the water associated directly with 
paramagnetic centres and the water in the bulk modified the relaxation times that 
were measured. The models (described in detail below in section 3.4.2) developed by 
these studies were based on the McConnell (McConnell, 1958) solutions to the Bloch 
equations modified for chemical exchange of the relaxing species. These models 
have been extensively applied to biological solutions and gels in the last 30 years. 
More recently some studies of synthetic hydrogels, including contact lens hydrogels 
have been published. The key results that can be found in the literature and how they 
apply to the current study will be summarised and referenced in the remainder of this 
section. 
Some authors have observed multi-exponential behaviour in hydrogel systems, and 
interpreted this behaviour as evidence for distinguishable states of water. For 
example Tanaka et al. (Tanaka, Fukumori et al., 1988) found this to be the case for 
polyacrylamide gels. Other authors have also interpreted relaxation data in terms of 
multiple water components. For example, Sung et al. (Sung, Gregonis et al., 1981) 
interpreted T1 and T2 data for HEMA in terms of 'bound', 'intermediate' and 'free' 
water components and showed that the results agreed well with DSC results for 
'bound' water. Yamada-Nosaka et al. (Yamada-Nosaka, Ishikiriyama et al., 1990) 
investigated T1 and T2 relaxation times for HEMA gels, and for MMA (methyl 
methacrylate) gels. They interpreted the results in terms of 'bound', 'intermediate' 
and 'free' states of water and concluded that HEMA contained more than twice as 
much 'bound' and 'intermediate' water as the MMA gels. They also found the 
mobility of water was more restricted in HEMA. Fushimi et al. (Fushimi, Ando et 
al., 1991) interpreted results for cationically charged PVA (poly vinyl alcohol) 
membranes in terms of a 2-state water model ('bound' and 'free') and concluded that 
the bound water mobility was about 104 times lower than that of the free water. 
Hatakeyema et. al. (Hatakeyema, Yamauchi et al., 1984) investigated the effect of 
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cross link density on T1 and T2 in PV A gels and found the relaxation times decreased 
with increasing cross link density. 
In contrast, the model proposed by Brownstein and Tarr (Brownstein and Tarr, 1979) 
for water proton relaxation in biological cell systems and which has been widely 
applied to water proton relaxation in biological tissues and macromolecular solutions 
does not distinguish between different states of water. It acknowledges that water 
which is close to a macromolecule or 'pore surface', will relax more rapidly than 
water which is in the bulk of the pore (or associated only with other water 
molecules). However in the fast diffusion regime (SiiiDt j_ 1; where S is 
proportional to pore size and D is the diffusion coefficient and t is the measurement 
timescale) all water molecules are expected to be in rapid exchange, such that the 
observed relaxation time is a weighted average over all environments. In the 
Brownstein-Tarr model, multi-exponential relaxation behaviour is predicted only in 
the slow diffusion limit. Thus if the pore size is small enough, and the diffusion rate 
sufficiently rapid, then only single-exponential relaxation will be observed. 
Typical contact lens hydrogels at room temperature are expected to exist in the fast 
diffusion regime, since water will have diffused/exchanged many times in 1 
millisecond over typical pore sizes (~nm) that have been measured for these systems 
(Fatt, 1978). The Brownstein-Tarr model predicts that, under such conditions, the 
water will exhibit single exponential relaxation behaviour. The findings of Blinc and 
co-workers (Blinc, Lahajnar et al., 1990) support this model, which they successfully 
applied to fibrin gels, plasma and blood clots. They observed single-exponential 
relaxation, and found that the diffusion coefficient was proportional to the 'free' 
water fraction. Roorda and co-workers (Roorda, de Bleyser et al., 1990) measured 
17 0 T1 relaxation in HEMA hydrogels and also found no indication of the presence 
of different states of water. Furthermore, they found that rotational water mobility 
was not influenced by the degree of cross-linking of the hydrogels, but rather by the 
water content only. In other words, the T1 relaxation times generally increased as 
equilibrium water content (EWC) increased, since they are weighted increasingly 
toward those measured for bulk water. In a further study (Roorda, 1994 ), they also 
concluded also that data they acquired for the same materials were not indicative for 
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the existence of different classes of water in hydro gels. Larsen et al. (Larsen, Huff et 
al., 1990) also found a positive EWC dependency for the relaxation times of 10 
different hydrogel contact lenses. In addition, Pescosolido et al. (Pescosolido, Lupelli 
et al., 1990) found that T1 and T2 decreased with decreasing water content (for lenses 
at or below EWC at room temperature) for each of three different hydrogel contact 
lens types. They also found that the T1 curves were in general hi-exponential with 
both components (termed 'internal' and 'external' water) decreasing with decreasing 
water content. In a similar study by the same group, Brosio (Brosio, Barbieri et al., 
1994) found that T2 decays were biexponential for dehydrating HEMA/MMA contact 
lenses, and that both components decreased with decreasing water content. 
However, the relaxation times measured for hydrogels have often been much lower 
than can be explained with a simple Browstein-Tarr diffusion model. This is because 
for systems that have exchangeable macromolecular protons, this exchange must also 
be considered. A comprehensive study of such a system, which spanned a number of 
years, was carried out by Ablett and and co-workers. (Ablett, Lillford et al., 1978) 
They measured T2 as a function of both temperature and water content for agarose 
gels and films. They invoked a four site model to explain the data. The four proton 
species they employed were bulk water, bound water, a very tightly bound proton 
species and non-exchangeable polysaccharide protons. Some evidence suggested that 
the very tightly bound species comprised water molecules, but the possibility of it 
originating from chemically exchangeable protons on the polymer was not 
discounted. Exchange between this species and the other water species gave rise to 
complex T2 behaviour, and this is accounted for in their model, based on the original 
theory by Swift and Connick (Swift and Connick, 1962) and Luz and Meiboom (Luz 
and Meiboom, 1964) that was mentioned above. In the Ablett model, the transverse 
relaxation of the non-exchangeable polymer protons is not coupled to that of the 
water protons, and only appears as a rapidly decaying component in the FID (with a 
T2 value of a few tens of microseconds to a few milliseconds), which is not seen 
when using the CPMG method. A study from the same group by Walker and co-
workers (Walker, 1987, Walker, Balmer et al., 1989) continued this work, and they 
incorporated additional parameters in their model to describe anisotropic motion of 
the water and hydroxyl protons. This description was based on the earlier work of 
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Woessner and Zimmerman (Woessner and R., 1963), who measured T1 and T2 vs 
temperature for silica gels, which also exhibited anisotropic molecular motion. 
Building on the Ablett model, Hills and co-workers (Hills, Takacs et al., 1989, Hills, 
1992a, Hills, 1992b) performed similar studies on water in biological systems such as 
bovine serum albumin (BSA) and gelatin. They described a two-site model for T2 
relaxation in BSA solutions (Hills, Takacs et al., 1989), which combined 'free' and 
'bound' water as a single observable species (consistent with the fast diffusion/small 
pore size Browstein-Tarr limit), but distinguished exchangeable polymer protons 
(originating from hydroxyl or amino groups). As in the Ablett study, the non-
exchangebale polymer protons were only observed as rapidly decaying components 
in the FID. Hills also incorporated cross-relaxation (Hills, 1992a) between the non-
exchangeable polymer protons, and also between the water and exchangeable 
polymer protons, in a three-site model to describe T1 relaxation. These models were 
also applied to the sol and gel states of gelatine (Hills, 1992b ), in a separate study. 
Watanabe and co-workers (Watanabe, Murase et al., 1992) used a similar model, 
with exchange between relatively 'bound' water protons, relatively 'free' water 
protons and hydroxyl protons to describe T1 and T2 relaxation in Sephadex gels, of 
varying water content and average pore size. 
More recently, similar work has been done on commercial contact lens hydrogels by 
Barbieri et al. (Barbieri, Quaglia et al., 1998) They measured T2 as a function of 
temperature, and modelled the data using an exchange model that incorporated water 
and hydroxyl protons only. The difference in this case, was that Barbieri and co-
workers independently measured the T2 of bulk water and used this data (for the 
water species) in their exchange model. They chose to ignore any contribution from 
'bound' water protons, which they assumed to have negligible impact on the overall 
relaxation due to their low proportion and expected high T2 compared to the hydroxyl 
protons. Evidence for this was based on the findings of Roorda (Roorda, de Bleyser 
et al., 1990) for HEMA gels hydrated in H2170. Roorda found that the HEMA 170 T2 
was only reduced relative to that of free water by a factor of ~9, compared to a 
reduction factor of ~200 for HEMAproton T2s, suggesting that the effect of hydroxyl 
exchange dominates the T2 relaxation. 
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3.4.2 The T2 exchange model 
As discussed in the previous section, T2 measured for a hydrogel system can only be 
described by invoking a multi-component exchange model. In its simplest form, this 
model assumes a two component system, the components being the gel water protons 
(labelled 'b') and exchangeable polymer protons (labelled 'c') which form two pools, 
coupled by chemical exchange. For the hydrogels in this study the c protons are 
exclusively hydroxyl protons. [Note that the label 'a' is not used here since it is 
generally reserved for bulk water protons]. The non-exchangeable polymer protons 
are not included in the model as it is assumed that they are not visible in the T2 
experiment due to their extremely short T2 (see Section 3.1). The hydroxyl (or 'c') 
protons exist on polymer side chains and as such are also expected to have a 
restricted mobility and short T2, compared to the water protons. However, they are 
NMR visible since they can chemically exchange with neighbouring water protons 
and will thereby contribute to the measured T2. The proportion of c protons is termed 
Pc, and expressed as a fraction. As indicated above, it is expected that transfer of 
magnetisation occurs between the water protons and the hydroxyl protons by 
chemical exchange. 
The original theory for relaxation in systems undergoing exchange was derived by 
Swift and Connick (Swift and Connick, 1962) in 1962. This theory strictly only 
applies to the case where Pc << (1- Pc). As will be shown later for the hydrogels used 
in this study, Pc is as high as 0.11. However, several studies in the past (Walker, 
1987, Hills, Takacs et al., 1989, Walker, Balmer et al., 1989, Hills, 1992a, Hills, 
1992b, Barbieri, Quaglia et al., 1998), have successfully used these equations for 
similar materials, and it will be shown that the equations also describe the data of the 
current study well. 
The Swift and Connick theory is applicable to the general case where there exists a 
chemical shift difference between each of the exchanging species. Using the notation 
defined above for the hydrogel case, the central equation for T2 is: 
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1 = 1- Pc + Pc 
T2(measured) T2b Tex 
[ 3.2] 
where l.lmc is the difference in Larmor frequency between the water and hydroxyl (c) 
protons due to the chemical shift, and Tex is the mean lifetime of a proton in the c 
state, or the exchange correlation time. If the chemical shift difference can be 
neglected, (ie. llOJc << 1/ T2c, 1hex) this exchange equation reduces to: 
1 = 1- Pc + Pc 
T2(measured) T2b T2c + T ex 
[ 3.3] 
It can be seen that this equation is very similar to the equation presented in section 
3.2 for rapid exchange conditions (Equation 3.1) and in the limit of Tex~zero (very 
rapid exchange), the equations are identical. 
3.4.3 Multiple Correlation Time Molecular Motion in Hydrogels 
For bulk water, the assumption of a single rapid rotational correlation time for T2 (see 
section 2.2.1) is a good approximation, but it is not unreasonable to expect that 
hydrogel protons may exhibit motion which is better described by more than one 
correlation time. For example, this could be due to: 
a) Exchange of water molecules between different binding environments. Ie. 
'bound' and 'free' water. 'Bound' water is expected to have restricted molecular 
motion (and hence shorter T2) when compared to water molecules that exist in the 
pores of the hydrogel ('free'water). 
b) Exchange of water molecules that have different proximity to rigid relaxation 
surfaces (or relaxation 'sinks') which hinder the water molecular motion. ie. 
'surface' and 'bulk' water. 
c) Anisotropic molecular reorientation of water molecules and/or exchangeable 
polymer protons. For example hydroxyl protons, which exist as end groups on 
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polymer side chains, may exhibit a motion firstly due to the 'flip-flop' motion of 
the side chain itself, and secondly a faster motion due to rotation about their own 
bond axes. The water molecules should certainly exhibit a rapid molecular 
tumbling which approaches that of free water, as the EWC of the hydrogel 
approaches 100%. However, it is possible that the motion of the water molecules 
could be also be modified by polymer motion (particularly that of the relatively 
rapidly moving sidechains) since a proportion of the water molecules will be 
associated with, or bound to the polymer. 
As a first approximation, we assume that each component of molecular motion can 
be described by a single correlation time. The overall T2 for each proton species then 
becomes a weighted average of contributions of the form: 
(a= b,c} [ 3.4] 
where each T2an represents the contribution of a particular molecular motion 
characterised by a single correlation time Tan, with Wan the respective weighting 
factors. If this behaviour can be described by two molecular motions only, a 
convenient notation for the respective correlation times and T2 's makes use of the 
labels 'fast' (f) and 'slow' (s) with respect to the motional frequencies, or 'speeds' of 
the motion. Equation 3.4 then becomes: 
(a= b,c) [3.5] 
The spectrum of correlation times for each species is now essentially two delta 
functions. In general it would be more correct to assume a distribution of correlation 
times about these two mean values (for example, a log-normal distribution). 
However, it will be shown later that the delta function model is a good 
approximation in our case, and the complexity and uncertainty due to the added free 
parameters of a distribution type model precludes its use. 
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Essentially the T2a are now weighted averages over the T2cy and T2as due to the two 
correlation times. (Note: for the 'bound' /'free' water model, this assumes that these 
two water species are always in rapid exchange). The weighting factors are 
determined by the intensity of motion with that correlation time (for the 
'bound' /'free' water case the weighting factors will be the proportions of water 
molecules in these states). Since T2 relaxation is dominated by the slowest molecular 
motions, the second term in Equation 3.5 may be neglible ifwpfis not>> W.& (as will 
be shown later). To quantifY the temperature dependence of T2, the double correlation 
time equations for T2b and T2c are simply substituted into the original two component 
exchange equation (Equation 3.3) and the individual T2f!f and T2.& are given by the 
BPP T2 equation (Equation 2.22). 
3.4.4 The Arrhenius temperature behaviour of the motional correlation times 
It is often of interest to measure relaxation times as a function of temperature, to 
obtain quantitative information about mobility and binding in the hydrogel through 
parameters such as the individual T2 values and their respective activation energies. 
The temperature dependence of T2 can be predicted by using BPP type equations for 
T2b and T2c (see Equation 2.22) and then assuming the rotational/exchange 
correlation times are thermally activated and described by Arrhenius Laws (see 
Equation 2.24): 
(a = b, c, ex; f3 = f, s) [3.6] 
In qualitative terms, Equation 3.3 describes a complex T2 vs temperature behaviour, 
shown schematically in Figure 3.2 which plots T2, T2b, T2c and Tex all vs liT on a log-
linear scale. In the low temperature regime (right hand side of Figure 3.2), T2c 
becomes very short and Tex very long, such that the second term in Equation 3.3 
becomes negligible by comparison with the first. Thus at low temperature the 
measured T2 values can be approximated by T2b, which increases with increasing 
temperature. The activation energy at low temperature is then Eb. 
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Figure 3.2 Schematic diagram of the T2 temperature dependence in a hydrogel that exhibits chemical 
exchange. 
As temperature increases (from right to left in Figure 3.2), the exchange rate 
increases, until the second term in Equation 3.3 starts to contribute significantly. 
Since T2c is still significantly shorter than T2b, the measured T2 actually decreases 
with increasing temperature in this 'intermediate' range, and a local minimum is seen 
on the plot which occurs when T2b ~ Tex· The slope in this intermediate region can be 
shown to be approximated by Eex· 
As temperature increases further and the high temperature regime is reached, the 
exchange becomes rapid on the NMR timescale. Since Tex goes to zero, Equation 3.3 
reduces to Equation 3.1, the measured T2 increases with increasing temperature and a 
local minimum is observed on the plot which occurs when T2c ~ Tex· The slope in the 
high temperature regime will be a weighted average of Eb and Ec. 
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3.4.5 The T1 relaxation model 
T1 relaxation in a hydrogel can be treated in a similar manner to T2, again using a 
model incorporating distinct proton pools. The fundamental difference in the case of 
T1 however, is that here we are dealing with the relaxation of longitudinal 
magnetisation which is coupled to the non-exchangeable protons of the polymer 
chains via spin diffusion as described in Section 3.3. The effect of rapid spin 
diffusion is to firstly average the T1 of all the polymer protons to a single value, and 
secondly average the T1 of both the water and polymer protons to a single value if 
there exists sufficiently rapid coupling between these two proton pools. Since the 
intrinsic spin-lattice relaxation of the (solid-like) polymer protons is expected to be 
slower than that of the more mobile water protons, the result will be a longer T1 value 
than would be obtained in the absence of this additional coupling. The polymer 
proton magnetisation can then be transferred to water protons (mainly via chemical 
exchange with the hydroxyl protons, but possibly to a lesser extent due to spin 
diffusion to water protons; however these processes will be indistinguishable). Hence 
the exchange equation for T1 is exactly the same as that for T2 but in this case, pp is 
the proportion of all polymer protons including the hydroxyl protons and T1p refers 
to the overall T1 of these protons: 
1 1-pP Pp 
----= + ---'--
!;(measured) T;b T;p +rex 
[3.7] 
As for T2, we can incorporate 'bound' and 'free' water or molecular anisotropy by 
assuming a double correlation time model for one or both proton types (see Equation 
3.5, with T1 substituted for T2). The individual T1s can then be assumed to be well 
represented by BPP equations (Equation 2.21). Unlike T2 relaxation, T1 relaxation is 
dominated by the molecular motions near the resonant frequency. (ie. relatively fast 
motion in the MHz region). 
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3.5 Hydrogel Water Diffusion Models 
3.5.1 Hydrogel diffusion studies in the literature 
In the hydrogel literature there has been considerable interest in hydrogel water 
diffusion. Parameters such as the water self-diffusion coefficient and permeability 
(that describe water transport within the hydrogel), have been measured using 
radioactive counting (of tritiated water), water sorption/desorption methods and 
NMR PFG techniques. In this section, some of the most relevant studies will be 
summarised and diffusion coefficients quoted for hydrogels similar to those used in 
the current study. 
Wisniewski and co-workers (Wisniewski and Kim, 1980) performed extensive 
studies in the late seventies of diffusion through HEMA membranes using a diffusion 
cell that comprised a distilled water bath and a tritiated water bath separated by the 
hydrogel membrane. Diffusion coefficients were measured by radioactive counting of 
the distilled water bath as a function of time. They measured the HEMA diffusion 
coefficient to be between 3.0 and 3.6 x w-ro m2/s for membranes of approximately 
60-70!-lm thickness. They also measured D at three temperatures in the range 9°C to 
37°C and calculated the diffusion activation energy to be 20.8 ± 1.1 kJ/mol. They 
then performed a correction on the data to compensate for gel water content changes 
with temperature and found the corrected activation energy to be 31.4 ± 2.9 kJ/mol. 
They also found that the activation energy for diffusion decreased with increasing 
EWC for HEMA/methoxyethoxyethyl methacrylate/methoxyethyl methacrylate 
copolymers. 
Martin (Martin, 1995) measured the evaporative flux (measured in g.cm-2.s-1) and 
water vapour permeability (measured in g.cm-'.s-'.Pa-1) for five different contact lens 
types with EWCs from 38% to 70%. He did this by measuring the timecourse of the 
amount of water transported from a saline bath (in contact with the posterior surface 
ofthe lens) through the contact lens, and into dehumidified air (by evaporation) that 
was in contact with the anterior surface of the lens. He found that both the 
evaporative flux and water vapour permeability generally increased with increasing 
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EWC. He also found that the transfer of water mass was controlled by water transport 
in the hydrogel (analogous to diffusion controlled evaporation). This suggests that the 
rate of diffusion was higher (in general) for the higher EWe contact lenses. 
Fatt (Fatt, 1989, Fatt, 1990) also measured water transport in hydrogel contact lenses 
by placing a load on a lens submerged in saline and monitoring the we (via 
refractive index) with a refractometer. He found that the flow rate of water out of the 
lens (once the static load was placed on it) was in general higher for higher EWC 
lenses. 
Various authors have measured diffusion coefficients for contact lens hydrogels 
using NMR PFG techniques. Some values quoted in the literature are shown in Table 
3.1. Peschier and co-workers (Peschier, Bouwstra et al., 1993) measured D as a 
function of cross-link percentage in HEMA hydrogels. They found no effect of cross-
linker percentage on D for gels hydrated to the same WC. They also found that D 
decreased linearly with decreasing we, for HEMA gels hydrated to Wes in the range 
14-50%. Larsen (Larsen, Huff et a!., 1990) also measured D as a function of we for 
HEMA/MA gels and found a trend similar to that ofPeschier and co-workers. 
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Table 3.1 Contact lens diffusion data in the literature. (HEMA=hydroxyethyl methacrylate; 
EEMA=ethoxyethyl methacrylate; MA=methacrylic acid; NVP=n-vinyl pyrrolidone; GMA=glycerol 
methacrylate; DMOA=dimethyl oxobutyl acrylamide; CHMA=cyclohexyl methacrylate; AMA=allyl 
methacrylate). *Measured EWC; #Composition as given by Mirejovsky.(Mirejovsky, Patel eta/., 1993); 
1(Larsen, 1995); 2(Peschier, Bouwstra eta/., 1993); 3(Barbieri, Quaglia eta/., 1998); 4(Mirejovsky, Patel 
eta/., 1993) 
Lens Name 
Hydron Zero-6 
Durasoft 2 
B&L Softlens 
Durasoft 3 
B&L 70 
Pennalens 
HEMA 
Benz 38 
Benz45G 
Benz 55G 
Hydron Zero 6 
Durasoft 3 
Vistamarc 
Acuvue 
Hydrocurve II 
B&L70 
Hydron Z67 
Benz 38 
Benz45G 
Benz 55G 
Composition 
HEMA 
HEMA/EEMA/MA 
HEMA 
HEMA/EEMA/MA 
NVP/MMA 
HEMA/NVP/MA 
HEMA 
HEMA 
HEMA/GMA 
HEMA/GMA 
HEMA 
HEMA/EEMA 
HEMA/MA 
HEMAIMA 
HEMA/DMOA# 
NVP/MMA/ AMA# 
NVP/MMA/EEMA/ 
CHMA/AMA# 
HEMA 
HEMA/GMA 
HEMA/GMA 
EWC 
(%) 
38 
38 
38 
45 
70 
71 
38.3 
38 
45 
55 
35* 
49* 
53* 
53* 
50* 
67* 
64* 
38 
45 
55 
1.8! 0.1 
2.8! 0.2 
3.3 ! 0.2 
2.8! 0.2 
7.4! 0.5 
7.4! 0.2 
3.30 
4.4 ! 0.01 
7.6! 0.02 
9.3 ! 0.01 
3.4 
6.1 
6.8 
7.5 
7.0 
8.5 
8.9 
5.9! 0.02 
9.1 ! 0.02 
11.2 ! 0.02 
Author 
Larsen1 
Larsen1 
Larsen1 
Larsen1 
Larsen1 
Larsen1 
Peschier2 
Barbieri3 
Barbieri3 
Barbiere 
Mirejovsky4 
Mirejovskl 
Mirejovskl 
Mirejovskl 
Mirejovsky4 
Mirejovskl 
Mirejovsky4 
Barbieri3 
Barbieri3 
Barbieri3 
Temp. 
(C) 
20 
20 
20 
20 
20 
20 
25 
25 
25 
25 
30 
30 
30 
30 
30 
30 
30 
35 
35 
35 
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3.5.2 Specific binding model 
Just as the presence of the polymer modifies the relaxation behaviour of water in a 
hydrogel compared with that of free water, it will modifY the diffusional behaviour of 
the water also. At the simplest level the diffusion of a water molecule in a hydrogel 
can be viewed as being decreased overall due to it periodically binding to the 
polymer. When it is not specifically bound it diffuses with apparent water diffusion 
coefficient, Dw. Dw will generally be less than the diffusion coefficient of free water 
due to the presence of polymer chains which will hinder the translational motion of 
the hydrogel water molecules. 
If the molecule spends an average time bound to the polymer, fb and an average time 
moving between polymer sites, ljthen: 
fb (1- Pwb) t f = _;:_ _ ___c.:...:._ 
Pwb 
[ 3.8] 
where Pwb is the fraction of water molecules specifically bound to the polymer at any 
instant in time. From Equation 2.33, it can be seen that the time fJ is proportional to 
the mean square displacement: 
(r 2 ) = 6Dwtf 
= 6D tb (1- Pwb) w [3.9] 
Pwb 
But since the molecule does not diffuse during time tb, <r2> is its mean square 
displacement during an effective time fb + lj so that its apparent diffusion coefficient, 
Dapp is given by: 
[ 3.10] 
From Equations 3.9 and 3.10 it follows that: 
Dapp = Dw(1- Pwb) [ 3.11 ] 
RELAXATION AND DIFFUSION IN HYDROGELS: THEORY AND LITERATURE REVIEW 67 
3.5.3 Modified free volume theory 
The way in which the polymer affects the diffusion behaviour of the water in a 
hydrogel can also be examined using a modification of the free volume theory. This 
theory is particularly useful in interpreting the behaviour of the diffusion coefficient 
as a function of the water concentration or water content (WC) of the gel. For a liquid 
of identical molecules, the free volume per molecule is the 'hole' or 'cage' that each 
molecule is free to move in, minus the volume of the molecule itself. Cohen and 
Turnbull (Cohen and Turnbull, 1959) showed that the probability of finding a free 
volume exceeding a value v* is: 
[ 3.12] 
Here, b is a constant ~ 1 and <v> is the average free volume of each molecule. Fujita 
(Fujita, 1961) showed that the theory could also be used to describe a polymer-
diluent system such as a hydrogel with the following modifications. Firstly, <v> 
becomes the average free volume per unit volume, or the .fractional .free volume of 
the system and is termed/ Secondly, bv* is written as Band is a measure of the size 
of a given free volume. Equation 3.12 then becomes for a polymer-diluent system 
(such as a hydrogel): 
[ 3.13] 
Further, the (translational) mobility of a diluent molecule, md depends on the 
probability of it finding a neighbouring free volume large enough to permit a 
displacement of it. If such a free volume is denoted by Bd, it follows that the ratio the 
diluent mobility to the mobility at some reference concentration (mref) is: 
[ 3.14] 
Here, .freJ is the fractional free volume at the reference concentration. In general, the 
quantity f should be a function of both temperature and the volume fraction of the 
diluent in the polymer-diluent system, v1. This volume fraction of the diluent may be 
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approximated to the weight fraction, (1-Q-1) where Q =mass of swollen gel/mass of 
dry polymer. Fujita and Kishimoto (Fujita and Kushimoto, 1961) showed that if the 
increase in free volume of a dry polymer with increasing diluent concentration (water 
content) is proportional to the volume of diluent added (with proportionality constant 
y(T)), then: 
J(Q,T) = fref + fJ(T)(1- Q-l) 
where [ 3.15] 
fJ(T) = r(T)- fref 
Then using the definition for D in terms of the diluent mobility given by Barrer and 
Fergusson (BatTer and Fergusson, 1958): 
D=RTmd, [ 3.16] 
with Equations 3.14 and 3.15 and taking the reference concentration to be infinite 
diluent concentration, it follows that: 
[ 3.17] 
For a hydrogel,fo and Do are the fractional free volume and diffusion coefficient of 
water in an infinitely swollen gel (WC=oo ). Equation 3.17 indicates that if D is 
measured as a function of Q, the constants fo and fJ can be calculated by a non-linear 
regression, assuming Bd = 1. 
3.5.4 PFG stimulated echo cross relaxation in hydrogels 
A PFG experiment is sensitive to any spatial transfer of magnetisation. As discussed 
in section 3.3, for a hydrogel, longitudinal storage ofmagnetisation provides efficient 
pathways for transfer of magnetisation via cross relaxation and/or spin diffusion. 
Since the stimulated echo PFG method employs longitudinal storage of 
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magnetisation, during the period T2 (see section 2.3.3.2), the apparent diffusion 
coefficient will be different from that measured with the spin-echo technique. 
Rapid chemical exchange will result in continual exchange of magnetisation between 
water and the exchangeable polymer protons, during both the SE and STE methods. 
However, for the STE method, transfer of magnetisation from the exchangeable 
polymer protons to the non-exchangeable polymer protons is also possible via 
cross relaxation, also known as spin diffusion in this case. As T2 increases, more and 
more magnetisation can be transferred from diffusing water molecules (via 
exchangeable polymer protons) to the polymer proton pool, and vice-versa. The 
diffusion coefficient of the polymer is effectively zero, and so with increasing r2 or 
'mixing' time, the measured D is reduced. At long r2 time, equilibrium exists 
between cross relaxation to/from the water protons and D reaches an asymptotic 
value. Peschier and co-workers (Peschier, Bouwstra et al., 1993, Peschier, Bouwstra 
et al., 1996) measured this effect for HEMA hydrogels and derived a formula that 
corrects the measured D to the true value. The equation simplifies for long r2 time 
and is given by Equation 3 .18, where p is the ratio of water protons in the gel to the 
total number of protons: 
D = D measured 
true p 
[ 3.18] 
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Hydrogel Contact Lens Evaporation in vitro 
4.1 Introduction 
As was stressed in Chapter 1, evaporation is considered a major cause of hydrogel 
contact lens water loss in vivo. Simple in vitro studies which measure evaporative 
water loss and/or re-swelling water gain have been shown in the past to be 
ineffective in predicting this on-eye water loss. Several authors (Efron and Young, 
1988, Benz, 1997) have measured evaporative dehydration in vitro, in an attempt to 
correlate findings with conventional clinical findings. 
Efron and Young (Efron and Young, 1988) monitored the water content (WC) of 
eight different hydrogel contact lenses exposed to ambient air conditions, using a 
refractometer calibrated to measure hydrogel water content. They found the 
'dehydration rate' (rate of change of absolute water content with time), which was 
constant over the first 5 to 55 minutes, had a negative correlation with equilibrium 
water content (EWC). That is, they found that lenses of higher EWC exhibit a smaller 
absolute loss of water content per unit time. 
During the early stages of this thesis, in vitro evaporation (dehydration) and swelling 
(rehydration) data from Benz Research and Development (Benz, 1993) was 
combined with a simple mathematical blink model (McConville, Pope et al., 1997). 
(The model and results are presented in detail as a supplement in Appendix V). The 
predicted reduction in the water content of the four materials used was comparable in 
magnitude and timescale to that measured on-eye (Efron, Brennan et al., 1987). 
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However, the model predicted that a lower EWC lens would lose a greater proportion 
of its water content than would a higher water content lens. This is in apparent 
contradiction with the conventional wisdom concerning on-eye dehydration (Efron, 
Brennan et al., 1987, Efron and Brennan, 1987, Kohler and Flanagan, 1985, 
Weschler, Johnson et al., 1983). 
Unfortunately, the situation is further complicated by the fact that there is no widely 
accepted format in the contact lens literature for presenting evaporative time-courses 
in vitro, or indeed time-courses for on-eye dehydration. Comparison of results can 
therefore be misleading. For example, data can be presented in terms of absolute 
mass, relative mass, absolute water content or relative water content vs time. 
The work that is detailed in this Chapter was an early preliminary study involving 
evaporative measurements (similar to those done by Efron and Young (Efron and 
Young, 1988)) on a series of commercial contact lenses. The purpose of this was to 
attempt to clarify/explain the rather puzzling results for evaporative water loss that 
can be found in the literature and which were described above (Benz, 1993, Efron 
and Young, 1988). It was also intended that this in vitro study would act as a baseline 
upon which the more readily quantifiable NMR results (which form the bulk of the 
thesis) would be built. 
4.2 An in vitro Evaporative Study of Four Commercial 
Hydrogel Contact Lenses 
4.2.1 Purpose of the study 
The specific aims of this study were: 
1. to measure evaporative water loss for a series of commercial contact lenses of 
varying composition and water content under controlled conditions. 
2. to attempt to correlated the results with the equilibrium water content (EWC) or 
the specific polymer composition. 
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3. to use these correlations to explain or add insight to the conventional wisdom for 
on-eye dehydration (that higher EWC materials generally dehydrate to a greater 
extent). 
4. to gam some insight into the better (more directly quantifiable) ways of 
presenting in vitro water loss data by a comprehensive analysis of the evaporative 
timecourses (in view of the somewhat confusing ways in which this type of data 
has been presented in the past). 
4.2.2 Methods 
Four lens types, in nine different lens powers, were hydrated in buffered saline to 
equilibrium water content in triplicate at room temperature. Table 4.1 lists the lenses 
used, their composition, power (in diopters) and their stated and measured water 
contents. Each lens was then taken from its container and blotted with three 'dabs' 
between dry filter papers to remove surface water. The lens was then placed on a 
nylon mesh stretched across a PVC former and allowed to dehydrate (from both 
surfaces) on the pan of an analytical balance. The balance was vented at the top to 
prevent build-up of relative humidity and the temperature and relative humidity were 
logged during the measurement using a Vaisala HMP-35A humidity/ temperature 
probe interfaced to a Datataker 5RHT data logger. 
Table 4.1 Lenses used with their compositions, powers and nominal/measured water contents. 
Lens Name Composition Lens Powers Used Nominal Measured 
(D) Water Content Water Content 
(%) (%) 
Cibasoft HEMA -0.50, -0.75, -1.00 37.5 37.8 ± 1.5 
SeeQuence 2 HEMA -0.75 38.6 37.7 ± 1.0 
Newvues HEMA/NVP/ -0.50, -0.75, -1.00 55 53.7 ± 1.2 MA 
Acuvue HEMNMA -0.75, -2.50 58 60.1 ± 1.3 
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The initial mass of the lens was recorded and mass thereafter logged by a personal 
computer every second, until an equilibrium mass was attained. The data was plotted 
initially as absolute mass vs time. Discrete rates of absolute mass loss were then 
calculated from the gradient of the absolute mass plot over each 5-minute interval 
and these were plotted as a time-course. After each time-course, the lens was dried 
overnight in an oven at 80°C, re-weighed and the initial water content calculated. 
4.2.3 Theory 
4.2.3.1 Basic mathematics of diffusion 
Some of the most fundamental work on diffusion was done by Fick. Fick's first law 
stems from conservation of mass and states that (under steady state conditions) the 
rate of transfer of mass per unit cross sectional area (the flux, J) is proportional to the 
mass concentration gradient (V c) normal to the cross sectional area. In one 
dimension this can be written as: 
J=-Dac 
ax 
[ 4.1 l 
where D is the diffusion coefficient. Fick's second law (for the non-steady state of 
varying concentration with time) can be derived by evaluating the change in flux 
with respect to position within a volume element (V J) and equating this to the time 
derivative of the concentration (8c/8t). In a homogenous and isotropic medium then: 
[ 4.2] 
4.2.3.2 Plane sheet solution to Fick's law 
The solutions to Fick's law vary according to sample geometry and boundary 
conditions. Solutions to many general cases can be found in the book by Crank, "The 
Mathematics ofDiffusion" (Crank, 1970). 
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For the case of diffusion in a contact lens, the most relevant solutions that can be 
used as a first approximation are those that have been derived for one-dimensional 
diffusion in a plane sheet, assuming that the diffusion coefficient and the plane sheet 
thickness are independent of concentration. 
I\ c 
Co 
c1 c1 
...... 
/ X 0 +L -L 
Figure 4.1 Initial concentration profile for diffusion in a plane sheet. 
For a sheet of thickness 2L, the initial concentration profile can be represented by C1 
(the concentration outside the sheet) and C2 (the concentration inside the sheet), as 
shown by Figure 4.1. The medium outside the sheet is assumed to be infinite. The 
solution to the diffusion equation for this case as given by Crank (Crank, 1970) is: 
C-C0 1 4~(-1f [-(2n+1) 2 tr 2Dtl [(2n+1)nx] = --~--exp 2 cos cl- Co Jr n=O 2n + 1 4L 2L [4.3] 
An expression for the mass that has left the sheet (C1 < C0) can then be derived by 
integrating the above expression from x=-L to x=L, to give: 
[4.4] 
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where M1 is the mass that has left the sheet at timet and Mw is the mass that has left 
the sheet at equilibrium. 
In the limit of short times, Equation 4.4 reduces to: 
M 1 = 2(D:)Yz(1r -Yzf(-1Y ierfc~J 
M Cf) L n=] -fi5i [4.5] 
A result which can be expressed in terms of the dimensionless quantity T=Dt/L2 as: 
[4.6] 
where K is a constant. 
4.2.3.3 Sorption I desorption experiments 
A sorption (or desorption) experiment involves exposing a dry hydrogel polymer to a 
diluent (such as water) or exposing a fully hydrated hydrogel to air of a certain 
humidity. The mass of the material is then measured as a function of time until an 
equilibrium mass is reached. The results for such an experiment are commonly 
plotted as M/Mw vs t112 (known as a reduced sorption plot or reduced desorption 
plot) where M1 is the change in mass relative to the initial mass (ie. amount of diluent 
gained or lost) and Mw is the total mass lost or gained at infinite time. 
For simple systems, sorption or desorption data can (in certain cases) be modelled if 
the dominant diffusion process(es) are known. If Fickian diffusion (which will be 
defined below) dominates, then appropriate solutions to Fick's laws can be used to 
determine the apparent diffusion coefficient within the system. As described by 
Fujita (Fujita, 1961 ), the presence (or absence) of Fickian diffusion can be 
determined qualitatively by an analysis of the reduced desorption plot (M/Mcx vs l 12). 
A Fickian reduced desorption plot will show linearity for the first 60% of the plot, 
after which the remainder of the curve is concave down. For Fickian diffusion, plots 
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of M/Mx vs (t112 x thickness) for materials of different thicknesses will lie on a 
universal curve (Fujita, 1961 ). 
More generally, in order to allow for the possibility that diffusion may not obey 
Pick's law, (for example if the diffusion coefficient is itself concentration 
dependent), sorption or desorption data can be used to calculate a parameter n, 
where: 
[4.7] 
The diffusion behaviour of diluent in the polymer can be classified into one of three 
groups (Alfrey, Gurnee et al., 1966) according to the value obtained for the exponent 
n. This classification depends on the relative rates of (1) the diffusion of the diluent 
through (and into or out of) the polymer, and (2) the rate of motion, or relaxation of 
the polymer chains in response to the sorption. The groups are classified thus: 
1. Case I or Fickian diffusion: the rate of diffusion of the diluent is significantly 
slower than the rate of relaxation of the polymer chains. (n=0.5) 
2. Case II diffusion: the rate of diffusion of the diluent is significantly faster than 
the rate ofrelaxation of the polymer chains. (n=l.O) 
3. Anomalous or Non-Fickian diffusion: the rates of diffusion of the diluent and 
relaxation of the polymer chains are comparable. (0.5<n<l.O) 
Sorption and desorption behaviour which does not conform to any one of the above 
three groupings has been observed in certain hydrogel systems (Sun and Lee, 1996, 
Sun, 1996). Such behaviour will be considered in more detail below. 
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4.2.4 Diffusion limited evaporation 
4.2.4.1 Results 
Figure 4.2 shows the data plotted as lens mass vs time, for each triplicate group. As 
seen, the lenses reached an equilibrium mass within 2 hours in all cases. It was found 
that the range of ambient relative humidities (52% - 65%) measured during the 
course of the experiments did not significantly affect the time-course of evaporation 
within the triplicate groups. The behaviour of all lenses was similar in that the 
evaporative water loss rate appeared to be approximately linear for up to 20 minutes, 
before gradually decreasing to zero as the samples equilibrated with the surrounding 
air. In fact, there was no significant difference in the initial rates of water loss for all 
the lenses studied. This is in agreement with a study by Mirejovsky and co-workers 
(Mirejovsky, Patel et al., 1993). 
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Figure 4.2 Absolute Mass v Time for 9 lens types/powers (names and lens powers shown in legend). 
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To quantify the temporal behaviour of the absolute evaporative mass loss rate (herein 
referred to as simply the evaporative rate) itself, the rate was calculated from the 
gradient of the mass vs time plot, (ie. ilmass/ iltime) and then plotted against time, at 
250 second intervals. These rate data are shown for each triplicate group in Figure 
4.3. As can be seen, the evaporative rate behaviour does not vary significantly 
between lenses of different power but of the same type. 
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Figure 4.3 Absolute mass loss rate v time for each lens used (names and powers shown in legend). 
The evaporative rates for each lens were observed not to vary significantly between 
the first two 250 second intervals (see Figure 4.3). For three of the four lenses 
studied, this rate was actually higher for the second interval. This is due to the limit 
of reading in the mass and resulting numerical rounding errors in the rate calculation. 
The initial rates were therefore calculated by averaging the first two rate data points, 
and these are listed in Table 4.2. As can be seen in both Figure 4.3 and Table 4.2, the 
initial rates of water loss were similar for all the lenses studied, with those for the 
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lowest equilibrium water content lenses (Cibasoft and SeeQuence2) being only 
slightly lower than the rates for the higher water content materials, Acuvue and 
Newvues. What is more revealing however, is how rapidly this rate drops off with 
time (see Figure 4.3). For the lower water content materials, the rate decreases 
relatively quickly, while for the higher water content materials it decreases less 
rapidly and the process of dehydration persists for a much greater period of time. 
Hence, it takes significantly longer to reach the equilibrium state for the higher water 
content materials. 
Table 4.2 Average absolute mass loss rates for the nine contact lens types used. 
Power Initial Evaporative Half Rate Time Lens Type (D) Rate (minutes) (mg/minute) 
Cibasoft -0.5 0.330 ± 0.020 18 ± 0.5 
-0.75 0.317 ± 0.016 18 ± 0.5 
-1.0 0.345 ± 0.004 21 ± 0.5 
SeeQuence2 -0.75 0.333 ± 0.042 18 ± 0.5 
Newvues -0.5 0.374 ± 0.009 32 ± 0.5 
-0.75 0.386 ± 0.021 33 ± 0.5 
-1.0 0.346 ± 0.028 35 ± 0.5 
Acuvue -0.75 0.325 ± 0.016 42 ± 0.5 
-2.50 0.362 ± 0.020 43 ± 0.5 
4.2.4.2 Material differences 
From Figure 4.3, it can be seen that lenses of the same polymer type but varying 
power are grouped together. It is also clear that for all materials studied the rate of 
evaporative water loss is only linear for 5-10 minutes, depending on the lens type. 
This raises questions about earlier studies in the literature, in which the evaporation 
rate was taken to be constant for up to 55 minutes (Efron and Young, 1988), and 
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suggests that this is not, in fact the case. Of more interest though, is the fact that from 
the plot of Figure 4.3, we can easily distinguish the evaporative behaviour of the 
different materials. 
The fact that the initial rates of water loss are similar for all the lenses studied 
probably reflects the fact that the lenses were all of similar surface area, 
(approximately 3.8-4 cm2, based on nominal base curves and estimates of lens 
diameter), irrespective of lens power. Although we cannot rule out a contribution 
from variations in the average degree of binding of water molecules in the different 
hydrogel materials, or in the concentration of water molecules at the lens surface, 
these would appear to have at most a very minor influence on the initial evaporation 
rate. 
However, it is the timescale over which the initial evaporation rate declines that 
differs significantly for different lens types and it is this factor which correlates best 
with water content. In order to quantify this, the time for the evaporation rate to reach 
half its initial value, (herein referred to simply as the half-rate time) was calculated 
for each lens type and these are shown in Table 4.2. It is clear that for this half rate 
time, a positive correlation with water content exists for the materials included in this 
study. 
If the geometries (in terms of thickness, volume and surface area) of all the contact 
lenses used were identical, then differences in the temporal behaviour of the 
evaporative rate could be attributed solely to differences in EWC. However, this is 
not exactly the case, although the lenses were all of similar power. Exact dimensions 
of the various lenses used could not be accurately determined and it is therefore 
uncertain to what extent the thickness and volume to surface area ratio variations 
between different lenses/powers will affect the rate of evaporation. The thickness of 
a hydrated lens is often related to the EWC, being generally larger for a higher EWC 
lens, since dry lens thicknesses are often comparable. The thickness is also generally 
related to the power of the lens. The fact that the behaviour of lenses of the same 
type but different power was not significantly different suggests that the variation in 
initial sample dimensions is a minor influence on the evaporative behaviour. 
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However, the way in which the sample dimensions change as water is lost is 
probably a more important consideration than the initial dimensions themselves and 
this behaviour could be significantly different for materials of different EWC and/or 
polymer type. Despite this, the initial water concentration is still expected to 
contribute significantly to the rate at which water can be lost from the gel by 
evaporation. It could reasonably be thought to be the dominant factor in the 
differences seen between the four lens types used. An explanation for this can be 
found by considering the concept of diffusion limited evaporation, which has been 
considered in the past (Martin, 1995). 
If the initial evaporative loss rate is dependent solely on evaporative surface area, 
then for lower water content materials there will be a more rapid depletion of water 
concentration at or near the lens surface, since this concentration is lower to begin 
with. In addition, water molecules will not be able to diffuse to the surface of these 
materials as rapidly as they can for the higher water content materials, since the 
diffusion rate for water molecules in hydrogels is itself a strong function of water 
content (see Table 3.1 in section 3.5.1; this will also be shown in the results of 
Chapter 5). 
This could explain why evaporation can persist at a relatively high rate and for a 
longer time, in higher EWC materials. As water is lost via evaporation, both water 
content and diffusion rate decrease at or near the lens surface .. Since the diffusion rate 
will be strongly dependent on water content, so too is the time for which a relatively 
high evaporation rate can persist as well as the rate at which it decreases with time, 
or the half-rate time. As argued by Mirejovsky and co-workers (Mirejovsky, Patel et 
al., 1993), the greater potential for water to diffuse through a higher EWC contact 
lens during a drying experiment is related to its higher proportion of relatively 
mobile or 'free' water, compared with a lower EWC lens. 
4.2.4.3 Graphical presentation of contact lens evaporative data 
The second purpose of the study was to determine the most effective way to 
represent contact lens evaporative data in graphical form. As mentioned earlier, 
previous studies (Benz, 1993) have tended to plot relative mass (ie. mass normalised 
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to the initial mass) vs time. As shown in Figure 4.4, if the data of Figure 4.2 is 
plotted as relative mass vs time, there seem to be significant differences in the initial 
rates of water loss, even for lenses of the same composition but different power. In 
fact, on closer inspection, the lower water content materials generally have a greater 
slope, and hence higher relative mass evaporative rate. While this has, in the past 
been interpreted as a meaningful correlation (Benz, 1993), what has been overlooked 
is the simple fact that the lower water content materials will (in general) have a lower 
initial mass than the higher water content materials. For the materials used in this 
study, this was generally the case, as Table 4.3 shows. This means that lenses of 
different initial mass that lose absolute mass at approximately the same initial rate, 
will lose relative mass at an initial rate that correlates negatively with their initial 
mass, and hence equilibrium water content. 
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Figure 4.4 Relative mass vs time for each lens used (types and lens powers shown in legend). 
Another method used in evaporative studies (Benz, 1993) is to use materials cut to 
dimensions, which hydrate to the same thickness (or volume). In this case, since the 
densities of the dry polymers, as well as the densities of the hydrated polymers will 
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in general be different, the relative mass evaporative rate will correlate negatively 
with the hydrogel density. Thus in general, plots based on calculated relative mass 
are not consistent in the correlations they imply, and are often misleading. 
Table 4.3 Measured wet and dry masses of the contact lenses used 
Material Nominal Power Measured EWC (D) Initial Mass (%) (m 
Cibasoft 37.5 -0.5 19.1 ±0.2 
-0.75 20.0 ± 1.2 
-1.0 22.2 ± 1.5 
SeeQuence2 38.6 -0.75 21.0±0.4 
Newvues 55 -0.5 24.7 ± 0.5 
-0.75 25.4 ± 0.6 
-1.0 24.3 ± 0.5 
Acuvue 58 -0.75 24.1±1.2 
-2.50 26.9 ± 1.1 
A further graphical representation found in the literature is a plot of absolute water 
content (WC; expressed as %water mass/total mass, such as was used by Efron and 
Young (Efron and Young, 1988), or of relative water content (expressed as % of 
initial WC) vs time. As for relative mass, a plot of relative water content will show a 
higher initial we loss rate for materials that have a lower absolute water content, 
making interpretation of the data potentially misleading. As mentioned in the 
introduction, Efron and Young performed linear regressions for each material over 
what they prescribed to be the linear region of their absolute water content 
timecourse. They found significant linear correlations in all cases (although for the 
lower water content materials the regression was performed over as few as two data 
points), and that the slopes correlated negatively with water content. 
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Figure 4.5 is a plot of the same data as Figure 4.2, but plotted as absolute We vs time 
following the method of Efron and Young (Efron and Young, 1988). What we see is 
that for all four materials the behaviour is non-linear. The initial rate of We loss 
(slope of the plot) increases gradually before eventually reaching a maximum, and 
then has a point of inflexion before decreasing to zero. For the higher water content 
materials, the initial we loss rate is lower (as Efron and Young found), and the time 
taken to reach the maximum is longer. This is primarily a consequence of the fact 
that the rate of absolute mass loss is similar for all materials. Thus in a given time 
period, a higher water content material will lose a smaller proportion of its water than 
will a lower water content material - giving a lower slope. 
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Figure 4.5 (a) Absolute water content (WC) vs time for the four lenses used in this study; (b) same 
data overlayed by synchronising along the time axis (lens types and powers shown in legend). 
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If the water diffusion rate is strongly dependent on We as expected (see Table 3.1 in 
section 3.5.1), then diffusion limited evaporation will also be strongly dependent on 
WC. To see this, if we overlay the data in Figure 4.5(a) so that the initial water 
content for each material matches (by a right shift on the time axis; see Figure 
4.5(b)), we see that the four data sets coincide very well. This means that the 
potential for a given material to dehydrate by evaporation can be predicted by its 
current water content. As alluded to above, this would seem to be a consequence of 
the strong dependence of diffusion on water content. The higher the water content, 
the greater the rate of diffusion and hence, evaporation. 
Figure 4.5(a) and (b) provide further support for the picture of diffusion limited 
evaporation. They also demonstrate that absolute we as a function of time is not a 
particularly useful parameter in distinguishing different materials based on 
evaporative water loss, since all materials behave similarly. Absolute evaporative 
mass loss rate, and to a lesser extent, absolute mass itself, are far more effective in 
quantifYing differences between materials and imply that it is the EWe that controls 
both the evaporative (and diffusive) behaviour. 
4.2.5 Diffusion modelling of the evaporative data 
4.2.5.1 Results 
The desorption data of Figure 4.2 was plotted as M/Moc vs t 112 , for each lens type. 
The resulting curves were similar for all lenses, exhibiting the behaviour shown by 
Figure 4.6 for Newvues -0.50, -0.75 and -1.00. Linearity is not seen over the first 
60% of the plot, as is required for Fickian diffusion. This does not satisfY the first of 
the criteria commonly used to identify Fickian behaviour (Fujita, 1961) (see section 
4.2.3.3). However, an almost linear region is seen at intermediate times. The second 
criterion (that the curve is concave down after the linear region) is satisfied. The final 
criterion (see section 4.2.3.3) suggests that materials of different thicknesses should 
not lie on the same curve for the plot shown in Figure 4.6. Since thickness is 
expected to vary with power, this criterion suggests that lenses of different power 
(but the same polymer type) should not lie on the same curve, but clearly they do for 
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Newvues (see Figure 4.6). This was also the case for the Acuvue and Cibasoft lenses. 
The variation in thickness of the various lenses and how these affect the desorption 
results will be considered in more detail below. 
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Figure 4.6 MtiMX) vs t112 for Newvues lenses in powers -0.50, -0.75 and -1.00. 
Fully hydrated hydrogels above their glass transition temperature, are expected to 
show Fickian diffusion (Allen, Bennet et al., 1992, Franson and Peppas, 1983, Sun 
and Lee, 1996, Sun, 1996). That is, the relaxation of the polymer chains is expected 
to be fast relative to the diffusion of the water. Despite the qualitative non-Fickian 
behaviours described above, the data was fitted to the plane sheet solution to Pick's 
law (Equation 4.4). For the fitting, a Levenberg-Marquardt non-linear least squares 
analysis was performed using Sigmaplot (Jandel Scientific) with eight terms in the 
sum shown in Equation 4.4 and with a single free parameter (De.rJL2). This was done 
to determine how well the data could be described using a Fickian diffusion model, 
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and apparent or effective Fickian diffusion coefficients (DeJJ) calculated. It should be 
noted that this Deffwas intended only to show relative differences between materials, 
and cannot be considered an accurate self-diffusion coefficient. 
A certain constant thickness must then be assumed in order to calculate this effective 
diffusion coefficient. Attempts were made to monitor thickness decrease while a lens 
dehydrated using a micrometre, however this was impossible due to the inconvenient 
contact lens shape and the way they curled up during the dehydration process. As an 
approximation, the thickness was taken to be the fully hydrated average thickness of 
the lens. Fatt (Fatt, 1997) quotes thicknesses of Acuvue, Newvues and SeeQuence2 
lenses of varying power as a function of distance from the lens centre. These values 
were used to calculate an average thickness for the lenses used in this study. The 
Cibasoft lenses are of virtually identical composition to the SeeQuence2 lenses, and 
it was therefore assumed that the thicknesses of these two materials were the same. 
The assumption of a constant thickness will mean that Deff will be some 'average' 
over all thicknesses of the lens during the dehydration. 
The fits to the Fickian model are shown Figure 4.7, and the thicknesses and fitted 
parameters are listed in Table 4.4, and as shown the fitted curves clearly do not 
describe the data well. The Deff values are also very small (expected diffusion 
coefficients for these types of hydro gels lie approximately in the range 1 0-IO to 10-9 
m2/s; see Table 3.1). 
Further to this analysis we can use Equation 4.7 (see section 4.2.3.3) to calculate an 
exponent, n. This parameter can be used as a general indication of the diffusion 
regime the desorption process lies in. This analysis was performed using a 
Levenberg-Marquardt non-linear least squares routine in Sigmaplot with two free 
parameters (n and k). The fitted curves are shown for each lens type Figure 4.8, 
plotted as M/M<X vs t112 (reduced sorption plot). The results of the fits are shown in 
Table 4.5 for each contact lens. As shown, n is very close to one in all cases, which is 
normally indicative of a Case II diffusion process (see section 4.2.3.3). 
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Figure 4.7 Fits to the desorption data using plane sheet solutions to Fick's law. The solid lines are fits 
to the Fickian plane sheet model (Equation 4.4). The individual contact lens names and powers are 
labelled on each plot. 
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Table 4.4 Fitted effective diffusion coefficients (Detr) for the plane sheet Fickian model. 
EWC Power Average Deff Lens Name (%) (D) Thickness (x w-l-1 m2/s) (Jtm) 
SeeQuence 2 38.6 -0.75 25 0.696 
Cibasoft 37.5 -0.5 15 0.217 
-0.75 25 0.670 
-1.0 35 1.22 
Newvues 55 -0.5 50 1.71 
-0.75 55 2.04 
-1.0 60 2.42 
Acuvue 58 -0.75 120 7.53 
-2.50 80 3.43 
Table 4.5 Desorption behaviour of each contact lens type classified by the calculated value of n. 
Lens Name EWC(%) Power (D) n 
SeeQuence 2 38.6 -0.75 0.98 
Cibasoft 37.5 -0.5 1.02 
-0.75 1.01 
-1.0 0.97 
Newvues 55 -0.5 0.94 
-0.75 0.95 
-1.0 0.97 
Acuvue 58 -0.75 0.97 
-2.50 0.96 
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Figure 4.8 Curve fits for each lens type used to calculate the exponent, n over the first 60% of Mt!M.,. 
The calculated values of n are shown in Table 4.5. The individual contact lens names and powers are 
labelled on each plot. 
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4.2.5.2 Discussion 
As shown Figure 4.7, the Fickian model clearly does not describe the data well, with 
the fits representing an effective (initially linear) Fickian behaviour averaged over all 
the data. However, the data is not linear at any stage in the desorption, although it 
approaches linearity at intermediate times. This is in direct contrast with standard 
Fickian behaviour which is expected to be linear for the first 60% of the sorption 
process. Despite this, and their very small values, the calculated diffusion 
coefficients (De.ff) do show some expected trends. 
As shown by Table 4.4, De.ff generally increases with increasing EWC. This increase 
suggests that to a first approximation, the effective Fickian diffusion coefficent is 
consistent with the increased potential for water to diffuse rapidly and evaporate 
from a higher EWC material. This follows from the expected increased water 
mobility with EWC. It is also consistent with the EWC dependencies discussed above 
in relation to diffusion limited evaporation (see section 4.2.4). However, the De.ff 
values also increase with increasing thickness, which is not expected for materials of 
identical composition. 
The non-linearity of the reduced desorption plot is indicative of non-Fickian 
behaviour. It is difficult to categorise this behaviour, which may in fact be a 
combination of Fickian, Case II and non-Fickian diffusive behaviour. The fact that 
the analysis of the n exponents (from Equation 4.7) gave n=1 in all cases is 
suggestive of Case II diffusion. However, this clearly contradicts the expected high 
rate of polymer chain relaxation and the Fickian behaviour that has been observed 
using sorption, rather than desorption, for these materials in a near fully-hydrated 
state (Allen, Bennet et al., 1992, Franson and Peppas, 1983, Sun and Lee, 1996, Sun, 
1996). It is more likely that the values of n indicate apparent Case II diffusion, which 
is representative of the complexity of the desorption process, rather than true Case II 
diffusion. 
It is even difficult to categorise the observed behaviour in terms of common non-
Fickian behaviours observed in the literature and as classified by Rogers (Rogers, 
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Fox et al., 1965). For example two-stage desorption (characterised by two distinct 
linear regions) or pseudo-Fickian (same shape as a Fickian curve, but the initial 
linear region occurs over a shorter range). The curves possibly exhibit what Rogers 
classifies as sigmoid behaviour - in which the curve has a single point of inflexion at 
approximately 50% desorption. 
Overall, the desorption behaviour is inherently complicated. Other authors have also 
found that desorption data in similar hydrogels could not be modelled successfully, 
although sorption behaviour under the same conditions was well described by 
Fickian models (Sun and Lee, 1996, Sun, 1996). There are several possible 
explanations for the deviation from normal Fickian behaviour and the dependence of 
Deff on thickness (for the same materials) as shown above: 
1. The assumption of a concentration independent diffusion coefficient is incorrect 
(as shown by the diffusion results in the literature listed in Table 3.4 and as will be 
shown by direct measurement in Chapter 5), and may not be valid even over small 
timescales ( eg. the early stages of the desorption). 
2. The assumption of a constant lens thickness is also not valid, as thickness will 
decrease with decreasing water content (Gundel and Cohen, 1986). This is 
complicated further because the rate of change of thickness will in general be 
different for different polymer compositions and EWCs. 
3. A contact lens thickness will vary radially from the centre of the lens which will 
complicate the assumption of a constant thickness further. This is typically a 10-20% 
variation from centre to edge, and could affect results significantly. This means that 
the desorption behaviour will strictly be spatially dependent. The complicated effect 
of varying lens thicknesses may explain why Deffis highly thickness dependent. 
4. The dominant diffusion process could change at the glass transition. This will be 
a complicated process, as the lens volume will not undergo this transition in a 
spatially uniform manner. In other words, one part of the lens may be a glass while at 
the same time another part is rubbery. Since water acts as a plasticiser, the relative 
effects of the relaxation of the polymer chains and the diffusion of the water 
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molecules may be significantly different at different parts of the sample. 
Subsequently, different diffusive processes could dominate simultaneously at 
different parts of the sample. 
5. Lenses can tend to 'curl up' as they dry, which will change the effective surface 
area (Gundel and Cohen, 1986) and desorption properties. 
Most of these problems stern from the inconvenient geometry of the contact lens and 
might be avoided by choosing a more regular shaped sample such as a cylinder, 
parallel disk or plane sheet, and by monitoring the thickness as a function of time as 
well as the mass. However, at the time of the experiments such samples were not 
available and the complications in modelling this data were not anticipated. 
4.2.5.3 Summary 
Despite the problems outlined above, there are some useful qualitative trends 
observed in the data, and these trends can be interpreted in terms of, and correlated 
with, the EWC of the materials. The evaporation or desorption process is intimately 
related to the diffusive transport of water through the hydrogel. This diffusion is 
enhanced as the EWC increases, as the water molecules are more highly mobile on 
average. That is, there is a higher ratio of relatively 'free' or mobile water molecules 
in a hydrogel of higher EWC. 
CHAPTERS 
An NMR Study of Water Diffusion in 
Hydrogels 
Measurements of the self-diffusion coefficient for water protons in a hydrogel 
provide direct quantitative information about the translational mobility (and the 
mobility in general) of the water protons in the gel. It is expected that this mobility 
will also be related to the ability of water to leave the hydrogel, causing it to 
dehydrate. The aim ofthis section of the work was to perform a comprehensive study 
of the diffusional behaviour of water in a series of commercially available contact 
lens hydrogels, using standard pulsed field gradient (PFG) NMR techniques. 
5.1 Methods 
5.1.1 NMR Diffusion Measurement 
5.1.1.1 NMR Methods 
The NMR spectrometer used was a Broker MSL200 operating at 200MHz for 
protons. Self-diffusion coefficient (D) was measured using both standard pulsed field 
gradient (PFG) spin-echo (SE), and stimulated echo (STE) techniques, with the 
gradient magnitude (Ginc) stepped over 16 values. These sequences are described in 
Chapter 2 (sections 2.3.3.1 and 2.3.3.2). Each sequence measures the attenuation of a 
spin-echo or stimulated echo caused by diffusion of proton magnetisation within the 
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sample. While D was easily measurable using the SE method for the fully hydrated 
gels at 20°C, use of the SE method becomes a problem for D measurements at low 
WC or low temperature, because of the shortening of T2, as described in Chapter 2 
(section 2.3.3.2). For these measurements, it was necessary to use the STE method. 
The diffusion measurements were made using a Bruker micro-imaging probe with 
birdcage RF resonator and an actively shielded gradient set with maximum gradient 
~100 Gauss/em (x, y and z). The shape and rise/ring down of the gradient pulses were 
optimised by using a small amount of gradient pulse pre-emphasis. The optimisation 
process was carried out by observing typical strength pulses with an oscilloscope, 
and by acquiring FIDs at some variable delay after switching off the pulse. Gradient 
pre-emphasis was adjusted to minimise distortion of the FID for delay times ranging 
down to a few tens of microseconds. Each of the three gradients (x, y and z) was then 
accurately calibrated by imaging a sample with highly characterised geometry. After 
this, an extensive series of measurements on bulk water (using both SE and STE 
methods) showed that within experimental error, D was independent of gradient 
direction, increment (Ginc) and duration (b), and the delay between the gradient 
pulses (L1).The measured values compared favourably (within 1 %) with the widely 
accepted Mills (Mills, 1973) values (as will be discussed in section 5.1.1.2). 
For measurements of D in the hydrogel samples, Ginc and L1 were kept fixed, with 5 
adjusted to achieve a baseline for the highest gradient magnitude. However, when 
diffusion coefficients were measured over a very large range of temperatures or 
water contents, it was sometimes necessary to alter Ginc and/or L1 to ensure the echoes 
extended to low amplitudes ( <5% of first echo amplitude) was achieved (or 
alternatively, that it was not achieved too quickly). 
The curves were fitted to the Stejskal-Tanner equation (Equation 2.34; see Chapter 2) 
with two free parameters (D, and the signal at zero time, S(O)) using a Levenberg-
Marquardt non-linear least squares fitting routine. The data were all well described 
by a single component exponential, with the last 3-4 points on each curve having 
values of less than 5% of the signal at time zero. Typical plots of echo magnitude vs 
gradient increment (with fits and residuals) are shown in Appendix VI for both SE 
and STE. 
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5.1.1. 2 Measurement of D in phosphate buffered saline (PBS) and distilled water 
To establish a baseline for measurements of D in PBS hydrated contact lens 
hydrogels, D was measured for PBS and the results compared with measurements 
using distilled water. Initial experiments with the SE and STE methods showed that 
for ~ of a few milliseconds to a few seconds, measured values of D for distilled 
water remained constant. This is consistent with unrestricted diffusion, which should 
give a measured D that is independent of the time over which diffusion is measured. 
As part of the work which will be described below, diffusion measurements were 
performed on hydrogels hydrated at different water contents. Since the drying 
process resulted in higher PBS concentrations (in the hydrogel) than normal, it was 
important to consider the effect on diffusion coefficient of the higher concentrations. 
For the samples used in the D vs WC measurements, calculations showed that the 
molar concentration of NaCl in the gel increased in all cases to no more than 450 
mM (about triple the concentration ofNaCl in normal PBS (140mM)). To represent 
the approximate range of increased concentration ofNaCl in the gels, a second buffer 
was made up that was quadruple (560mM) the molar concentration of NaCl m 
normal PBS, and D was measured for these solutions. 
The results of these measurements are shown in Table 5.1 along with D measured for 
distilled water. Also shown in the table are the Mills (Mills, 1973) D values for water 
and viscosities quoted for NaCl solutions in the Chemical Rubber Company (CRC) 
Handbook of Chemistry and Physics (CRC, 1998). From the Stokes-Einstein 
description, Dis expected to be inversely proportional to the solution viscosity (see 
Equation 2.26). 
As shown, the value of D obtained for normal PBS was 1.0% lower than that of 
distilled water, while the D value for the 560mM PBS solution showed a -4.9% 
variation from D measured for distilled water. These changes are consistent with the 
change in viscosities quoted for NaCl solutions of the same concentrations (+ 1.5% 
and +5.7%, for the 140mM and 560mM solutions respectively). 
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As stated above, the highest concentration of PBS in the dried gels was less than 
450mM. This occurred for the lowest water content gels only; the higher we gels 
had significantly lower PBS concentration. The above results suggest that at salt 
concentrations less than 450mM, the effect on D will be approximately 4% in the 
worst case, but less than this in most cases. The error in the measured D value for the 
gels was typically 5%, as will be discussed below, and is therefore generally 
expected to dominate, except for the lowest we gels. 
Table 5.1 Measured values of D at 20°C for distilled water and PBS, compared with the Mills values for 
water. Viscosities (CRC, 1998) for NaCI solutions of the same concentration of are also given. 
Variation in the data is also given as % difference relative to (1) measured distilled water D value (for 
D) and (2) quoted viscosity for distilled water (for viscosity). 
Viscosity Variation Variation Relative to D (x 10-9 m2/s) Relative to Solution (mPa/s) Distilled (20°C) Distilled (20°C) Water % Water % 
560mMPBS 1.017 +5.7 1.93 ± 0.03 -4.9 
140mMPBS 1.059 +1.5 2.01 ± 0.03 -1.0 
Distilled 1.002 0 2.03 ± 0.03 0 Water 
Distilled 1.002 0 2.04 ± 0.004 +0.5 Water (Mills) 
5.1.2 Hydrogel sample preparation and general measurement protocol 
The hydrogel sample preparation and NMR measurement protocols described in this 
section have been used throughout this work, unless specifically mentioned 
otherwise. For certain experiments actual contact lenses were used whereas in other 
cases larger hydrogel pieces cut from lens 'blank' disks were used. In addition, the 
exact set of materials used sometimes varied between different studies. These 
choices generally depended on sample availability at various stages of the work, as 
CHAPTERS 98 
complete sample sets in a single form were usually difficult to obtain. Furthermore, 
contact lenses were not suitable for variable temperature work, as they tended to 
dehydrate significantly during the experiment. 
All hydrogel samples were equilibrated at room temperature in phosphate buffered 
saline (PBS) and stored in sealed vials. PBS is a standard diluent used to hydrate 
commercial contact lenses and has constituents that mimic the pH and osmolality of 
the tears. In general, any measurements that are intended to be correlated with the 
behaviour of a contact lens material on the eye must necessarily be performed for the 
material hydrated in PBS or a similar buffer. The PBS used was made up to a 
standard formula (see Appendix IV) that gives pH 7.3 (at room temperature) and 
contains 150mM NaCl. Before measurement, the sample was removed from its vial 
and blotted thoroughly and quickly. For blotting of contact lenses, the sample was 
placed between dry filter papers and 'dabbed' three times lightly. The lens was then 
rolled up in teflon tape and inserted quickly into a pre-weighed 5mm NMR tube. For 
bulk hydrogel samples (pre-cut from larger buttons and equilibrated/stored in the 
same manner as for contact lenses) blotting was carried out with lint free tissue, and 
the sample placed directly into the NMR tube. For the variable temperature work, the 
sample was wrapped in clear plastic film to prevent excessive water loss during the 
high temperature measurements. A teflon vortex plug was used to restrict the air 
around the sample, and the tube then sealed. It was then placed on a balance 
(accurate to± 0.05 mg) and weighed. 
The NMR tube containing the sample was then placed in the magnet and equilibrated 
for at least 15 minutes at the required temperature. After tuning, shimming and 
measuring the 90° and 180° pulse lengths (the 90° pulse length was typically 3-4f.ts), 
an FID was acquired, the spectrum examined and water peak linewidth measured 
(usually < 40Hz at room temperature). The appropriate NMR measurements 
(typically T1, T2 and/or D) are then made over no longer than a 1 hour period, 
although in most cases, this was closer to 'iS hour. Typically, the first measured data 
set was fitted ( eg. T1) while a second measurement ( eg. T2) was running. Before 
removing the sample, the first measurement was then repeated and the data set fitted 
to check reproducibility (ie. that the sample was properly equilibrated at the 
appropriate temperature). 
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Finally, the sample was removed, re-weighed and the water loss (if any) calculated. 
The hydrogel was then dried at least overnight (for the larger samples the period was 
several days) at 80°C in a drying oven, then weighed and the water content 
calculated. Since increasing temperature will tend to decrease the EWC for a 
hydrogel, for variable temperature work, the samples (in PBS) were pre-equilibrated 
in an oven at the highest temperature of the range to be studied, and transferred 
quickly to the NMR probe, which had also been pre-equilibrated at this temperature. 
The measurements of the temperature dependence of T1, T2 and/or D were then made 
as a function of decreasing temperature, in order to keep the WC constant over the 
entire temperature range. At each temperature the RF coil was re-tuned, the static 
magnetic field re-shimmed and pulse lengths re-measured. 
5.1.3 Preparation of hydrogel s at different water contents 
These experiments were performed usmg the same NMR protocols as for the 
temperature dependence experiments, except that between measurements, the same 
sample was repeatedly dried using a drying oven, equilibrated and weighed. The 
equilibration times (typically minutes to hours, depending on WC) were calculated 
from estimates based on Equation 2.33: 
(r 2 ) = 6Dt [ 5.1 ] 
The calculations were performed using an estimated diffusion coefficient based on 
prior measurements of D for similar materials and setting the diffusive path length (r) 
equal to the sample thickness. Since bulk hydrogels are, by definition relatively thick 
and equilibration times very long for lower water contents, in some cases contact 
lenses were also used for these measurements. These ranged in thickness from about 
30 to 1 OOflm. Imperfect equilibration was checked for all samples by measuring T1 at 
the beginning and end of the measurement and checking the reproducibility. 
In this way, T1 and T2 and D were measured as a function of water content and at a 
fixed temperature of 20°C. The measurements were carried out starting from the fully 
hydrated state down to about 20% water content, where D and T2 become un-
measurable with our system. 
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5.2 Diffusion Coefficient for a Series of Hydroge/s 
A set of commercially available contact lens hydrogels was obtained from Benz 
Research & Development, Sarasota, Florida, and Capricomia Contact Lens, 
Brisbane, as a series of dry lens blanks or 'buttons'. Each sample was hydrated in 
PBS for several days, then cut into small sections with a scalpel and left to 
equilibrate for several more days, at the appropriate temperature. The samples used 
in the study are shown in Table 5.2 with their nominal EWC (at 20°C), measured 
EWC (at 20°C and 34.5°C where applicable) and constituent monomers (the exact 
monomeric proportions can be found in Appendix I). At measurement time, the 
samples were prepared in the usual way as described in section 5 .1.2. 
Table 5.2 The hydrogels used in the diffusion study. The exact monomeric proportions of each gel can 
be found in Appendix I. 
Hydrogel Composition NominalEWC Measured EWC Measured EWC 
Name at 2(/'C (%) at 2(/'C (%) at 34.5°C (%) 
IGEL38 HEMA 38 38.3 ± 0.4 
IGEL58 NVP/MMA 58 57.1 ± 0.3 52.6 ± 0.3 
IGEL 67 NVP/MMA 67 67.1 ± 0.3 63.3 ± 0.3 
Benz 38 HEMA 38 37.1 ±0.3 36.0 ± 0.3 
Benz 45 HEMA/NVP 45 46.1 ± 0.3 
Benz 55 HEMAINVP 55 58.6 ± 0.3 53.8 ± 0.3 
BenzG-3X HEMA/GMA 45 47.9 ± 0.3 
Benz G-5X HEMA/GMA 58 58.4 ± 0.3 57.6 ± 0.3 
Benz G-7X HEMA/GMA 70 73.6 ± 0.3 
Methafilcon A HEMAIMA 55 
Cibasoft HEMA 37.5 33 ± 2.3 
SeeQuence2 HEMA 38.6 33.8 ± 2.1 
Newvues HEMA/NVP 55 52.7 ± 2.0 
Acuvue HEMA/MA 58 55.9 ± 2.1 
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5.2.1 Hydrogel D vs L1 using the SE and STE PFG techniques 
As stated above (see section 5.1.1.1), for free water and PBS, the D values measured 
by both SE and STE techniques were independent of the measurement time. This 
measurement time is essentially controlled by the parameter L1 (the time between the 
two gradient pulses - see Figures 2.7 and 2.8). Initial experiments using the SE 
technique and fully hydrated hydrogels showed that as for free water, D was 
independent of L1 for the range of L1 values accessible by the SE method.* 
Measurements were then performed on the same (fully hydrated) samples using the 
STE technique, as a check of consistency. For these experiments, it was found that 
for short L1 values ( ~ 1 Oms) the STE technique consistently gave the same D as the SE 
technique, as expected. However, the advantage of the STE technique is that for 
samples such as certain hydrogels (primarily low water content hydrogels, where T1 
>> T2), L1 can be increased to ~ T1 (> 1 OOms for all materials at all water contents) 
while still acquiring a measurable signal. This allows the extension of the 
measurements to lower D values. To check the reproducibility of the STE method, D 
was then measured as a function of L1 for the fully hydrated IGEL, Benz and Acuvue 
materials at 20°C. 
The results (which were similar in all cases) are shown for Acuvue in Figure 5.1, 
with D(STE) decreasing (with increasing L1) to an asymptotic value. This could be 
interpreted as an effect due to restricted diffusion. However using Equation 5.1, 
shown above, and substituting typical values for D = 5 x 10-IO m2/s and t ~ L1 = 
600ms, an estimate of the average diffusion length r can be obtained. This value 
(about 40 !-LID) is more than four orders of magnitude larger than the expected pore 
size for these types of hydrogels (Fatt, 1978). Also shown on Figure 5.1 is D(SE) 
measured as a function of L1 using theSE technique and as can be seen, it is relatively 
constant over the (T2 limited) L1 range used. Thus, even on the timescale of the spin 
echo measurement, the diffusion length is much larger than the average pore size of 
the hydrogel polymer network. 
*in most cases the range of Ll accessible using theSE method was approximately 10-lOOms, however 
for the high EWC IGEL materials, Ll could be set as high as~ ls due to their relatively long T2 values. 
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Figure 5.1 Measured D vs A at 20°C for Acuvue, shown for SE and STE. Also shown is the average of 
theSE measurements (broken line) and the corrected O(STE) at long <2. 
The reduction in D(STE) with ~ can be explained by polymer-water proton 
magnetisation transfer (MT) during the longitudinal storage time ( r2) of the STE 
sequence (Peschier, Bouwstra et al., 1993), as described in section 3.5.4. The MT 
results in a dispersion of the magnetisation throughout the polymer proton pool, the 
extent of which depends on the time for which longitudinal proton magnetisation 
exists. The greater this 'mixing time', the further the measured D(STE) is weighted 
toward the diffusion coefficient of the polymer which is effectively zero. The 
measured D then approaches a weighted average of the D values for the two proton 
'pools'. For longer ~values in the STE sequence, this mixing time (the z-storage 
delay r2) approaches ~' giving the impression that Dmeasured varies with ~' when it 
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actually varies with T2. In the limit of long T2, Dmeasured can simply be related to the 
true value by Equation 3.18, which is reprinted here: 
D = Dmeasured 
true p 
[ 5.2] 
where p = number of water protons I total number of protons in the sample. 
The constant p can be calculated if the exact formula of the polymer is known. When 
applied to the Benz and Acuvue hydrogels used (see Appendix III for calculations), 
the measured D(STE) at long r2 (which was typically less than 60% of the D 
measured by SE) was corrected to within 1 0% of the SE value in all cases, except 
Benz 38 (18% difference). These corrections are shown in Figure 5.2. The Acuvue 
correction is also shown on Figure 5.1. As Figure 5.2 shows, the corrected D(STE) 
values are very close to the D(SE) values, and are representative of the true water 
diffusion coefficient. 
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Figure 5.2 Apparent D at 20°C measured with STE and corresponding corrected values using the 
Peschier approximation at long T2 plotted as a function of the corresponding values obtained by the SE 
method. The solid line corresponds to D(STE)=D(SE). 
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5.2.2 D(STE) for the IGEL rna terials 
In contrast to the behaviour of the Benz and IGEL 38 hydrogels, the IGEL 58 and 
IGEL 67 materials did not show a reduction in D(STE) when measured at 
progressively higher r2, as the other materials did. Figure 5.3 shows the data for these 
two materials, with the Benz data included for comparison. Clearly, the IGEL 
D(STE) values are constant over the entire range of r2 used. (Relatively long r2 
values could be used for these materials due to their relatively long T1 values). 
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Figure 5.3 D(STE) vs r2 for the IGEL 58 and IGEL 67 at 20°C. Also shown for comparison are the 
D(STE) values for Benz 38 and the Benz G series. 
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In light of the Peschier PFG STE cross-relaxation model, transfer of magnetisation 
between water protons and the (more rigid) polymer proton pool was not occurring 
in the IGEL 58 and 67 materials. Magnetisation transfer from water protons to the 
polymer protons (and vice versa) can potentially occur in two (indistinguishable) 
ways: 
1. Cross relaxation of longitudinal magnetisation from a water proton to a polymer 
proton on close approach of the water proton to the polymer proton. 
2. Chemical exchange between a water proton and an exchangeable polymer 
proton. 
After this initial transfer occurs, the resulting rapid transfer of magnetisation across 
the polymer proton pool is termed spin diffusion. The IGEL behaviour can be 
explained if the initial water-polymer MT is dominated by the second process (ie. via 
chemical exchange involving exchangeable polymer protons), since the IGEL 58 and 
67 hydrogels are the only materials involved in this study that do not contain 
exchangeable polymer protons. The Benz, IGEL 38 and Acuvue polymers all have 
exchangeable hydroxyl protons contained on sidechains of HEMA and/or GMA (see 
Figure 1.1 for chemistry diagrams). In other words, the exchangeable hydroxyl 
protons act as conduits for efficient MT between water and the polymer. This 
assumption is supported by the findings of Ceckler and co-workers (Ceckler, Wolff 
et al., 1992) that the MT rate in lipids was proportional to the surface density of 
hydroxyl groups. 
An alternative explanation/possibility that necessitates the involvement of the 
hydroxyl protons in the initial water-polymer MT process is that cross-relaxation 
between water and polymer protons (the first process listed above) still occurs, but 
only involving the hydroxyl protons. Although it is possible that this type of 
polymer/water MT occurs, chemical exchange is expected to be dominant. In any 
case, it would appear that the existence of exchangeable polymer protons is essential 
for the efficient transfer of magnetisation from water protons to and throughout the 
polymer proton pool. 
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5.2.3 Diffusion coefficients for contact lens hydrogels at 20°C and 34.5°C 
D was measured for the hydrogels of Table 5.2 using theSE method, for 13 different 
contact lens hydrogel materials at 20°C, and for 5 of them, at the ocular surface 
temperature of 34.5°C (Fatt and Chaston, 1980, Efron, Young et al., 1989). Figure 
5.4 is a plot of the measured D(SE) vs EWC, for both temperatures. As the figure 
shows, D(SE) increases with increasing EWC and as expected is offset to higher 
values at the increased temperature of 34.5°C, since diffusion is thermally activated. 
The inset is the same data on a larger scale, with the Mills (Mills, 1973) value for the 
diffusion coefficient of water at 20°C added. As can be seen, the gel data at 20°C 
extrapolates to approximately this value. The behaviour shows that D(SE) seems to 
be almost exclusively dependent on EWC (ie. the relative amounts of water and dry 
polymer mass). As the number of water molecules per unit mass of polymer 
increases, the ability of these water molecules to diffuse increases (approximately 
linearly in this WC range) toward that of free water (100% EWC). The specific 
polymer composition does not seem to significantly influence the rate of water self-
diffusion. This suggests that all these hydrogels are (to a first approximation) similar 
in terms of how the polymer network constrains the diffusion of water - only the 
relative water content is important. 
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Figure 5.4 D(SE) vs EWC for hydrogels at 20°C and 34.5°C. The inset is all data (plotted on a larger 
scale) with the Mills (Mills, 1973) value for distilled water at 20°C included for comparison. 
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5.3 Water Content Dependence of Diffusion Coefficient 
5.3.1 D(SE) Results 
To add further insight into the above behaviour, a study for several of the same 
materials was performed in which D(SE) was measured as a function of we at 20°C. 
Each gel was equilibrated at progressively lower and lower Wes, using the protocol 
described in section 5.1.3. This provided several samples with we lower than 38% 
we (the lowest EWC). The hydrogels used for this were Benz 38/55, Benz G-5X, 
IGEL 58/67, Cibasoft, SeeQuence2, Newvues and Acuvue. These materials are all 
listed in Table 5.2 with their compositions and EWes. 
As Figure 5.5 shows, the behaviour of D(SE) vs We here is very similar to that 
shown in Figure 5.4, although the plots clearly become non-linear at hydrations 
below about 40%. In fact, all the data seems to lie on or close to a universal curve, 
supporting the idea that D depends predominantly on the proportion of water in the 
gel, and not significantly on the gel composition. However, there is appreciable 
(systematic) scatter in the data, as Figure 5.5 shows. In other words, the data for 
different gels is offset in approximately parallel curves. This systematic scatter can 
be ascribed in part to experimental errors. Firstly, there is a significant error 
associated with measuring the water content, as indicated by the we error bars. The 
limit of reading of the balance used for measuring the gel masses was ± 0.5 mg. In 
calculating the we, a systematic error will arise from measurement of the polymer 
dry mass, as well as a random error in the measurement of the swollen masses of the 
gels at the various wes. As mass decreases (with decreasing WC) the fractional 
error in the measured we can become relatively large, particularly for the gels in 
actual contact lens form (Cibasoft, SeeQuence 2, Newvues and Acuvue) which 
typically weigh only ~IOmg when dry. 
Secondly, the measured D has associated error. To determine the reproducibility of 
hydrogel diffusion measurements, during preliminary work, repeated measurements 
of D were performed on both 'bulk' hydrogel pieces and actual contact lenses. 
Repeated measurements were carried out firstly using the same sample, and secondly 
using different samples of the same type and water content. These showed that the 
CHAPTERS 108 
dominant error in these measurements stemmed from systematic variations between 
different samples of the same type, with the reproducibility being typically about 5%. 
The error bars in D(SE) shown on Figure 5.5 are representative of this systematic 
inter-sample reproducibility. The random error in typical measurements on the same 
sample was comparatively small (about 1 %), and in most cases this is supported by 
the small scatter in the data on the curves shown on Figure 5.5 for the same sample. 
10 
_8 
tn 
-
N 
E 6 
0 
.... 
I 
0 
or- 4 
>< 
-c 
2 
0 
10 
8 
-tn 
-
N 
E 6 0 
.... 
I 
0 
or-
>< 4 
-c 
2 
0 
I GEL 67 
- IGEL58 
·········· Benz 38 
- Acuvue 
- Newvues 
········· Cibasoft 
20 40 60 
we (0/o) 
- BenzG-5X 
-Benz 55 
· · SeeQuence2 
-<}--Benz 38 
--<>- Benz 55 
_..._ Benz G-SX 
· ··"' ·· Cibasoft 
--o- SeeQuence2 
_._ Newvues 
-1--- Acuvue 
--{]- IGEL 58 
----- I GEL 67 
20 40 
we (0/o) 
60 
Figure 5.5 D VS we at 20°C for hydrogels equilibrated at varying we. The last plot includes all data on 
the same graph. 
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Despite these errors, it is possible that differences in polymer composition could in 
fact relate to subtle differences in the behaviour of D as a function of We. In general 
however, the data suggests that no clear significant difference in this behaviour for 
different materials can be found based on these measurements. Any genuine material 
differences (if they do indeed exist) may in fact be dominated by the reproducibility 
of the measurements, suggesting that the D vs we behaviour is relatively insensitive 
to polymer composition. 
5.3.2 Water content dependency of D(STE) vs r2 
For the Benz 38 and Benz G-5X gels, D(STE) was also measured as a function of r2 
at each we. Since the Peschier correction constant p (see Equation 5.2) is a function 
of We, it was calculated for each of these materials, at each We, and the D(STE) 
value at long r2 corrected. The corrected D(STE) values were very close to the D(SE) 
values in all cases for both gels. The corrected and uncorrected data are shown for 
Benz G-5X in Figure 5.6. These results are further support for the Peschier cross-
relaxation model, showing that it works reasonably well over a range of water 
contents (and hence p values) for a single gel, although the corrected D values seem 
to be systematically somewhat higher than the D(SE) values. This is probably 
because (in some cases at least) the long r2 limit may not have been completely 
reached for the longest r2 values used in the measurements. When r2 becomes longer 
than T1, the available signal is substantially reduced, leading to greater errors in the 
measurement of D using the STE technique. This limited the longest r2 value that 
could be used in the measurements. It means that the D(STE) values obtained even at 
the longest r2 may not have reached the 'plateau' D(STE) corresponding to the long 
r2 limit, making the corrected values slightly higher than the D(SE) values. 
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Figure 5.6 Apparent D measured with STE and corresponding corrected values using the Peschier 
approximation at long r2, for Benz G-5X. The solid line corresponds to D(STE)=D(SE) 
5.3.3 The specific binding model 
The specific binding model (see Chapter 3; section 3.5.2) assumes that water in a 
hydrogel diffuses with diffusion coefficient Dw when it is not specifically bound to 
the polymer. The measured diffusion coefficient Dapp, is then smaller then Dw and 
depends on the proportion of water in the hydrogel which is specifically 'bound' at 
any instant in time, presumably at specific, or preferred binding sites such as 
hydroxyl groups and carbonyl groups. This proportion is termed Pwb = mwtlmw, 
where mwb is the mass of bound water and mw is the total mass of water. Rewriting 
Equation 3.11 we have: 
Dapp = Dw(l- Pwb) [ 5.3] 
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Using the definition of WC it can be shown that Pwb = A * (1 00-WC)IWC, where A = 
mw~mp and mp is the mass of the dry polymer. Therefore, if the specific binding 
theory is correct, on a plot of the measured Dapp against (100-WC)/WC, the slope will 
equal -(mw~mp) *Dw and the intercept will equal Dw. Assuming mwb is constant as the 
gel is dehydrated until the state where mwb = mw, the relationship should be linear. 
Figure 5.7 shows the data of Figure 5.5 plotted in this way (on the same scale) for 
each gel. 
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Figure 5.7 Dapp vs (1-WC)/WC at 20°C for each of the hydrogels studied, including fits to an 
exponential decay (see Equation 5.4). 
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What is immediately apparent is that the data is non-linear. The model also predicts 
that Dapp should go to zero when Pwb=1 or mw = mwb· Assuming a linear relationship, 
the we for whichpwb=1 will correspond to the intercept with the X= (100-WC)!We 
axis. However, as shown Dapp does not approach zero linearly, instead having an 
asymptotic approach. The decreasing slope from left to right on the x-axis suggests 
that A=mwblmp (or simply mwb) decreases as water content decreases. It was found 
empirically that the overall behaviour of the data was well described by an 
exponential decay: 
[ 5.4] 
where x=(100-WC)IWC. In this case, Do will describe the effective diffusion 
coefficient of 'free' (unbound) water in the gel, and therefore plays a similar role to 
to Dw. The coefficient in the exponent (k) describes the rate at which the slope (and 
hence mwblmp) decreases as the factor (100-WC)/We increases (ie. We decreases). It 
is therefore a rate constant describing the decrease of mwb· Equation 5.4 was fitted to 
the data of each gel using a Levenberg-Marquardt non-linear regression. The results 
are shown in Table 5.3 and the fitted curves are shown on the plots ofFigure 5.7. 
Table 5.3 Results of exponential decay fits for each gel. 
Gel Name EWC(%) Do (%I o-10 m2 Is) k 
Benz 38 38 10.8 ± 0.8 0.82 ± 0.04 
Benz G-5X 58 15.0 ± 0.5 1.00 ± 0.03 
Benz 55 55 14.2 ± 0.8 1.07 ± 0.06 
IGEL 58 58 15.5 ± 0.6 1.15 ± 0.04 
IGEL 67 67 17.3 ± 0.2 1.42 ± 0.02 
Cibasoft 37.5 7.4 ± 1.5 0.76 ± 0.09 
SeeQuence 2 38.6 12.2 ± 4.6 0.93 ± 0.18 
Newvues 55 11.9±0.7 1.13 ± 0.05 
Acuvue 58 14.3±2.1 1.07 ± 0.15 
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As can be seen, there are trends of increasing Do, and increasing k value with 
increasing Ewe.* These trends are shown graphically in Figure 5.8, together with 
linear regression lines in each case. The behaviour of Do with EWC suggests (linear 
regression analysis of variance (LRANOVA) p=0.0021) that the effective gel 'free' 
water diffusion rate is higher for a higher WC gel. The results for k suggest 
(LRANOVA p=0.0009) that the rate of decrease of the slope of the Dapp vs (100-
WC)/WC plot is higher for a higher EWC gel. This implies that the effective mass of 
specifically 'bound' water (mwb) with respect to mass of polymer (mp) (in the specific 
binding model) decreases with increasing x = (1 00-WC)/WC (decreasing WC) at a 
greater rate for a higher EWC gel. 
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Figure 5.8 Do, a vs EWC at 20°C based on exponential decay fits and the specific binding model 
theory. 
*For this data analysis, the EWC was taken to be the nominal EWC (which will generally be different 
to the nominal EWC primarily due to blotting inconsistencies). Since the measurements were made as 
a function of water content itself, the data was correlated with the nominal EWC, rather than any 
measured EWC. 
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The initial proportion of bound water at EWC (relative to the dry polymer mass) can 
be calculated for each gel by calculating the slope andy-intercept (Dw) at EWC of the 
plots in Figure 5.7. These parameters were calculated by using the fitted exponential 
decays, and calculating the tangential slope at the point corresponding to the EWC 
for each gel. The calculated values for the 'free' water diffusion coefficient, Dw and 
the mass of bound water relative to dry polymer mass, A(= slope/Dw = mwblmp), are 
shown in Table 5.4. From the A values, the number of bound water molecules per 
total water molecules (pwb) can be calculated using Pwb (at EWC) = A * (1 00-
EWC)/EWC. These bound water proportions are also shown in Table 5.4. 
Table 5.4 Specific binding model fitted parameters for each gel, at EWC at 20°C. 
Dw (atEWC) A (atEWC) Pwb (atEWC) 
Gel Name (xl0-10 m2/s) (=mwvmp) (%) 
Benz 38 6.7 ± 1.1 0.350 ± 0.120 57 ±20 
Benz G-5X 12.5 ± 1.4 0.580 ± 0.088 42 ±6 
Benz 55 11.1 ± 0.8 0.570 ± 0.160 47 ± 13 
IGEL 58 12.4± 1.1 0.626 ± 0.112 45 ± 8 
IGEL 67 14.7 ± 3.7 0.834 ± 0.050 41 ±2 
Cibasoft 4.7 ± 1.0 0.336 ± 0.293 56±49 
SeeQuence 2 6.9 ± 0.4 0.375 ± 0.607 60 ± 96 
Newvues 9.1 ± 1.9 0.588 ± 0.160 48 ± 13 
Acuvue 11.5±5.3 0.612 ± 0.436 44 ± 32 
As Table 5.4 shows, the calculated values for Dw are slightly lower than the 
corresponding values for Do from the exponential decay fits, but similarly generally 
increase with increasing EWC. The calculated A values (=mwblmp) increase with 
increasing EWC. This behaviour is shown by the plot of Figure 5.9, which also 
shows a linear regression (LRANOVA p<0.0001) performed on this data. It suggests 
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that, as expected, the higher EWC hydrogels bind more water per unit mass of 
polymer than the lower EWC gels. 
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Figure 5.9 mbwlmp (A) vs EWC for gels at EWC and 20°C. 
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The results for the proportion of water molecules that are bound (pwb) (see Table 5.4) 
suggest that this proportion is higher for the lower EWC gels. This trend is shown in 
Figure 5.10. The linear regression had LRANOVA p<O.OOOI, which implies a greater 
than 99.99% chance of a genuine correlation existing. The specific binding model 
suggests that in a 38% EWC HEMA gel hydrated to its EWC at 20°C, more than half 
(pwb = 57-60%) of the water is 'bound' to the polymer. It also suggests that while for 
a higher EWC gel, the ratio of bound water to polymer mass (A=mwblmp) is higher, 
the proportion of the water that is specifically 'bound' to the polymer (pwb) is lower. 
In all cases, greater than 40% of the water was calculated to be specifically 'bound'. 
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Figure 5.10 Proportion of bound water at 20°C vs EWC in the specific binding model, for gels at or 
near EWC. 
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The non-linearity of the data of Figure 5.7 suggest that the ratio (A) of specifically 
'bound' water mass (mwb) to polymer mass (mp) decreases as a gel dehydrates, and 
the measured exponential decay rates (k) suggest the rate of decrease is higher in 
general for a higher EWC gel. As shown above (for gels at EWe only), we can 
calculate the proportion of water that can be considered specifically 'bound' (pwb) at 
each water content, based on a knowledge of A values (=mwblmp) at each water 
content. As detailed above, these A values are calculated from the tangential slope at 
each water content along the fitted exponential curves. These calculations are shown 
in detailed tabulated form for each gel in Appendix III. Figure 5.11 is a plot of Pwb vs 
we, for each gel, starting at the nominal EWC. 
As the curves show, Pwb clearly increases as we decreases. This is consistent with 
the intuitive notion that the most mobile (least strongly 'bound') water is lost first as 
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a material dehydrates, leaving a higher proportion of more strongly 'bound' water. 
From the approximate slopes of the curves of Figure 5.11 the rate of increase of Pwb 
(with decreasing WC) can be seen to be generally higher for the lower EWC gels, 
although it is not in general linear. 
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Figure 5.11 Proportion of bound water vs WC, for each gel at 20°C. 
It can also be seen from Figure 5.11 that at a single water content (for example, 
38%), Pwb is generally higher for a higher EWC material. This could stem from the 
increased hydrophilicity of a higher EWC material, leading to an increased 
proportion of specifically bound water when it is hydrated to the same we as a lower 
EWC hydrogel. 
We can compare the above estimates of Pwb in the materials used with differential 
scanning calorimetry (DSC) measurements of 'non-freezing' water. In a DSC 
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experiment, the 'non-freezing' water is commonly thought to be water closely 
associated with ('bound' to) the polymer, and represents a metastable supercooled 
state which is inhibited from attaining a true equilibrium state during cooling 
(freezing) by motional barriers (Angell, 1982). The calculated specific binding Pwb 
values (from Table 5.4) have a reasonable agreement with DSC data for similar 
materials obtained by Mirejovsky and co-workers (Mirejovsky, Patel et al., 1993). 
This comparison is shown in Table 5.5. The trends of increasing amount of 'non-
freezing' water with decreasing EWC agree with the trends shown for the specifically 
'bound' water. However, for the higher water content materials the specifically 
'bound' water proportions are higher than those measured by DSC. This could be 
because the EWCs measured by Mirejovsky et al. were in all cases lower then the 
nominal EWCs, an effect they attributed to the buffer they used. Despite this, the data 
generally supports the idea that the slope of the specific binding plot at EWC 
provides an estimate of the effectively 'bound' or 'non-freezing' water proportion 
that is measured using DSC. 
Table 5.5 Comparison of 'bound' water proportions measured at 20°C using the specific binding model 
(see Table 5.4) and 'non-freezing' water proportions measured using DSC by Mirejovsky (Mirejovsky, 
Patel eta/., 1993) for similar contact lens materials. 
Current stud!!. using_ s11.ecifl.c binding_ model Stud!!. hl!. Mireiovskl!. using_ DSC 
EWC % EWC %non-Material (%) Composition bound Material (%) Composition freez'g 
water water 
Benz 38, 37.5-Cibasoft & 38.6 HEMA 56-60 Hydron Zero 6 35 HEMA 72 SeeQuence 2 
Newvues 55 HEMA/NVP/MA 48 Softcon EW 52 HEMA/NVP/MA 44 
Acuvue 58 HEMA/MA 44 Acuvue 53 HEMA/MA 28 
Vistamarc 53 HEMA/MA 33 
IGEL 67 67 NVP/MMA 41 Hydron Z-67 64 NVP/MMA 35 
Sof-form 67 63 NVP/MMA 37 
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In summary, the specific binding model suggests that the diffusional behaviour of 
water in these hydrogels can be modelled by assuming an effective proportion of 
specifically 'bound' water that has diffusion coefficient of zero, but is in rapid 
exchange with the remaining 'free' water. The non-linear behaviour suggests that the 
absolute mass of specifically 'bound' water decreases, while the proportion of water 
specifically bound increases as the gel dehydrates, and this behaviour was shown to 
be well described by an exponential decay (see Figure 5.7). The parameters 
measured using this description were shown to be approximately proportional to the 
EWC (see Figure 5.8 and Figure 5.9) as was the calculated proportion of water 
specifically 'bound' (pwb) at the EWC, for each material (see Figure 5.10). Figure 
5.10 also shows that at any specific WC, Pwb is generally higher for a material with a 
higher EWC. This is thought to be due to the higher hydrophilicity of a higher EWC 
polymer. The rate of increase of Pwb as the gels dehydrated was seen to be generally 
lower for a higher EWC material (see Figure 5.11 ). 
5.3.4 The modified free volume diffusion model 
The background and theory behind Fujita's (Fujita, 1961) modified free volume 
theory for polymer-diluent systems is described in Chapter 2. Matsukawa 
(Matsukawa and Ando, 1996) later showed that the theory worked well for poly-(N,N 
dimethylacrylamide) hydrogels. Figure 5.12 shows the diffusion data of Figure 5.5 
and Figure 5.7 plotted for each gel as measured D vs Q, where Q = mplmw is the dry 
polymer mass/water mass. The last plot is all the data combined on a single graph. 
The fitted lines are non-linear regressions performed with three free parameters using 
Equation 3.17, which is reprinted here: 
[ 5.5] 
The free parameters are Do (the self-diffusion coefficient of water in an infinitely 
swollen gel (ie. D for free water in PBS), fo (the fractional free volume of an 
infinitely swollen gel) and fJ (the constant of proportionality between the volume 
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fraction of water in the gel and f The results of the regressions are shown in Table 
5.6. As shown by Figure 5.12, the data is reasonably well fitted over the entire range 
in most cases. However, the fits for the Cibasoft and SeeQuence 2 gels converged to 
unrealistic values as shown in the table, and these data were not included in the 
calculation of the mean Do and fo. The standard errors for the Acuvue parameters 
were also relatively large. This was thought to be due to the small number of data 
points for these materials combined with the random uncertainty in the measured 
WCs, as all three of these materials were in contact lens form. Even for the non-
contact lens hydrogels, the standard errors are relatively large (>20%) in most cases. 
The fit results showed that the fo and j3 dependencies were one in all cases, 
suggesting that the values are unreliable, and that the equation is over parameterised. 
Figure 5.12 D vs Q with fits based on a three free parameter regression. 
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Based on these results, the fitted values cannot be concluded to be significantly 
different for different gels, suggesting that within the limitations of these 
experiments, the data can be approximated to lie on a universal line. The last plot of 
Figure 5.12 shows the data for each gel on a single plot, with a regression performed 
over all the data. The results of this fit are also shown in Table 5.6. 
Table 5.6 Modified free volume regression results for each gel - three free parameters. *The mean 
does not include Cibasoft or SeeQuence 2 data. 
Gel Name Do (%lff10 /o fJ 
..,2 J .. i 
Benz 38 17.7±4.6 0.68 ± 0.36 0.60 ± 0.43 
Benz G-5X 15.8 ± 1.4 0.88 ± 0.18 0.84 ± 0.22 
Benz 55 16.9 ± 4.6 0.64 ± 0.36 0.57 ± 0.43 
IGEL 58 19.1 ± 1.1 0.57 ± 0.06 0.49 ± 0.07 
IGEL 67 17.2±0.9 0.73 ± 0.11 0.74 ± 0.16 
Cibasoft 81.9 ± 1.7e-12 0.17 ± 2.6e-15 0.10 ± 2.1e-15 
SeeQuence 2 733.5 ± 3363 0.05 ± 0.19 0.02 ± 0.11 
Newvues 16.6 ± 1.0 0.51 ± 0.05 0.43 ± 0.06 
Acuvue 20.2 ± 10.6 0.49 ± 0.45 0.40 ± 0.49 
Mean± S.D. * 17.6 ± 1.5 0.64 ± 0.14 
Fit over all data 16.8 ± 1.7 0.63 ± 0.14 0.56 ± 0.16 
The fitted Do values are reasonably close to the diffusion coefficient of free water in 
PBS at 20°C (20.1 % 10-Io m2/s; see section 5.1.1.2), but as shown they are 
consistently below this value. In a second series of regressions on this same data, Do 
was fixed to the expected value of20.1% 10-Io m2/s. 
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The results of the second series of regressions are shown on the plots of Figure 5.13 
and the fitted parameters are shown in Table 5.7. The dependencies of fo and 
j3 showed slight improvement, but were still greater than 0.996 in all cases. However, 
significant improvement can be seen in the standard errors, which are now less than 
20% in all cases. The Cibasoft and SeeQuence 2 fits also converged to realistic 
values. 
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Figure 5.13 D vs Q with fits based on a two free parameter regression (fixed Do= 20.1 x 1 o·10 m2/s). 
It can also be seen thatfo varies less with gel (than for the three free parameter fits), 
as evidenced by the smaller standard deviation in the mean value, compared with that 
of the previous fit data. This agrees better with the theory that predicts that fo is the 
free volume of bulk water, and should not vary between gels. Once again, the data 
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was also fitted as a whole as if it lay on a universal line, and this is shown by the last 
plot of Figure 5.13, and included in Table 5.7. 
Table 5. 7 Modified free volume regression results for each gel - two free parameters; fixed Do (=20.1 x 
10-10 m2/s). 
Gel Name fo fJ 
Benz 38 0.59 ± 0.02 0.51 ± 0.02 
Benz G-5X 0.52 ± 0.04 0.42 ± 0.05 
Benz 55 0.45 ± 0.04 0.35 ± 0.05 
IGEL 58 0.51 ± 0.01 0.43 ± 0.02 
IGEL 67 0.46 ± 0.02 0.38 ± 0.03 
Cibasoft 0.49 ± 0.03 0.41 ± 0.03 
SeeQuence 2 0.64 ± 0.10 0.57 ± 0.12 
Newvues 0.38 ± 0.01 0.29 ± 0.02 
Acuvue 0.49 ± 0.07 0.40 ± 0.09 
Mean±S.D. 0.50 ± 0.08 0.42 ± 0.08 
Fit over all data 0.43 ± 0.03 0.33 ± 0.04 
The value of fo can be calculated for free water based on quoted values in the 
literature for the effective radius of water molecules, approximating them to be rigid 
spheres. Abragam (Abragam, 1983) quotes a value of 1.74 Angstroms for this radius 
(assuming hexagonal close packing), while a more recent author (Cowan, 1997), 
quotes 1.40 Angstroms. These correspond to fo values of 0.26 and 0.62 respectively, 
which is a considerable variation. Despite this, the average value of fo for the second 
set of regressions (0.50 ± 0.08) agrees better with these two calculated values. 
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In a third series of regressions, fo was fixed to this average value, so that fJ was the 
only free parameter. In theory, for hydrogels at the same temperature and using the 
same diluent, only the parameter f3 should vary with gel (if any), so this approach 
was therefore thought reasonable. The results of these regressions are shown in 
Figure 5.14 and Table 5.8. 
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Figure 5.14 D vs Q with fits based on a single free parameter regression (fixed Do = 20.1 x 1 o·10 m2/s 
and fo = 0.49). 
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Table 5.8 Modified free volume regression results for each gel- one free parameter (/J); fixed 0 0 (=20.1 
x 1 o-10 m2/s) and fo (=0.50). 
Gel Name EWC(%) fJ 
Benz 38 38 0.399 ± 0.002 
Benz G-5X 58 0.397 ± 0.002 
Benz 55 55 0.417 ± 0.003 
IGEL 58 58 0.416 ± 0.001 
IGEL 67 67 0.443 ± 0.002 
Cibasoft 37.5 0.418 ± 0.001 
SeeQuence 2 38.6 0.410 ± 0.004 
Newvues 55 0.449 ± 0.004 
Acuvue 58 0.418 ± 0.005 
Mean± S.D. 0.419 ± 0.02 
Fit over all data 0.418 ± 0.003 
The standard errors in the j3 values are now approximately an order of magnitude 
smaller, suggesting that these values are more reliable. However, since fJ is highly 
dependent on the choice of fo (as shown by the two free parameter fits), the absolute 
values of /)are only as accurate as the estimates offo (and subsequently the effective 
solid volume of the water molecule). In any case, there does not seem to be a strong 
correlation between fJ and EWC, as shown by the large scatter in the data of Figure 
5.15. Despite this, /)is still generally greater for higher EWC gels. This is shown by 
the linear regression performed on this data (LRANOVA p=0.209) (see Figure 5.15). 
However, the LRANOVA p value (0.2094) predicts a 21% probability of no 
correlation existing between fJ and EWC. In contrast to the genuine correlations seen 
in Figure 5.8 and Figure 5.9 for the specific binding model, there is no conclusive 
evidence of a correlation between fJ and EWC for the modified free volume model. 
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Over the range of EWCs used, j3 varies by less than 15%. This relatively small 
variation in j3 is also shown by the standard deviation of the mean, which is less than 
5%. 
0.46 
0.44 
0.42 
0.40 
• fJ 
-- linear (p=0.2094) ! 
40 50 
EWC(%) 
60 70 
Figure 5.15 f3 vs EWC for fits with a single free parameter (fixed Do =20.1 x 10"10 m2/s and fixed fo 
=0.50). 
In summary, the modified free volume model fits the data well. The fact that j3 did 
not vary significantly between gel type (or EWC) suggests that the rate of diffusion 
of water in these gels is not gel type (or EWC) dependent, but is largely (if not 
wholly) determined by the gel WC during the measurement of D. These results are in 
contrast to those of the specific binding model, which suggest that there may be 
small differences in the parameters Do, A and Pwb which correlate with the (initial) 
EWC and which therefore could in principle be used to predict minor polymer 
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composition dependent variations in the D vs we behaviour. Despite the findings of 
the free volume model, the existence of such contributions should not be discounted, 
but it appears that if they do exist, they are relatively minor compared with effects 
associated with the specific we of the gel. Genuine, but subtle differences (in /3) that 
may exist between gels of varying composition or EWe may have been 
overwhelmed by errors in the measurement of gel we, particularly for the four 
materials in contact lens form, and also by systematic errors in the diffusion 
coefficient itself. The unexpected variations in the results of the specific binding and 
modified free volume models for the three HEMA gels are also testament to these 
uncertainties. In view of these experimental limitations, the modified free volume 
model predicts that the fractional free volume of these gels is almost entirely a 
function of the specific We, and is not dependent on the gel type or EWC. 
5.4 Temperature Dependence of Diffusion Coefficient 
For the Benz 38/55/G-5X, IGEL 58/77 and Methafilcon A hydrogels, D was 
measured as a function of temperature using the spin-echo (SE) method. For these 
materials, Table 5.2 shows the nominal EWe (at 20°C), and composition. The 
measured EWes for the gels equilibrated at 80°C (see temperature dependence 
experimental protocol in section 5.1.2) are shown below in Table 5.9. D was 
measured in 1 0°C intervals in the range 80°C to -40°C. Reproducibility was checked 
by coming back up in temperature and repeating the same measurements. 
Figure 5.16 is ln(D) vs 1000/T for each of the materials used. The first observation to 
note is that D increases with increasing temperature (right to left), which is consistent 
with thermally activated diffusion. However, if the diffusion arises from a single 
correlation time (as described by the Arrhenius relationship given in section 3.4.4-
see Equation 3 .6) at all temperatures, Figure 5.16 should show linearity over the 
entire range, and clearly it does not. Despite this, linear regressions were performed 
over the approximately linear high (T= 43.5 to 66°C or liT= 3.16x10-3 to 2.95x10-3 
K 1) and low (T= -18 to 6.5°C or liT= 3.92x10-3 to 3.58xl0-3 K 1) temperature 
ranges and the respective activation energies (EAD) calculated. The results are shown 
in Table 5.9. 
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Table 5.9 Diffusion activation energies (EAo) values in the high (43.5 to 66 °C) and low (-18 to 6.5 °C) 
temperature regions. 
Gel Name 
Benz 38 
Benz 55 
Benz G-5X 
Methafilcon 
IGEL 58 
IGEL 77 
Averages 
10 
-tn 
-
N 
E 
Q 
.... 
I 
0 
...:-
>< 
- 1 0 
BWCatSrf'C 
(%) 
35.6 
43.0 
57.4 
46.8 
39.6 
65.3 
_.._ Benz 38 
-o-- Benz 55 
BAD (high T) 
(kJ/mol.) 
19.0 
21.5 
15.9 
17.3 
23.3 
17.7 
19.5 
-~:r-- Benz G-5X 
-11- Methafilcon A 
-o-- IGEL 58 
__.._ IGEL 77 
0.1 
0.0028 0.0032 0.0036 
1/T (1/K) 
BAD (low T) 
(kJ/mol.) 
31.9 
38.6 
32.6 
40.7 
42.4 
47.1 
38.5 
0.0040 
Figure 5.16 In( D) vs 1 000/Tfor hydrogels. 
BAD (low T)/ 
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1.68 
1.80 
2.05 
2.35 
1.82 
2.66 
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As expected, the EAD values are significantly different in the high and low 
temperature regions and for each gel generally lie near the average values of 19.5 
kJ/mol and 38.5 kJ/mol at high and low temperatures respectively. These activation 
energies agree well with the hydrogen bond energies quoted by Emsley (Emsley, 
1980) for 'low' (<16.7 kJ/mol) to 'moderate' (16.7 to 62.8 kJ/mol) strength hydrogen 
bonds. Water, hydrates and biological molecules fall into the 'moderate' strength 
group, suggesting that typical hydrogels would also fall into this group. 
Figure 5.17 is a plot of EAD (in the high and low T regions) vs measured EWC. 
Clearly, EAD is higher in the low temperature region suggesting that the diffusion 
process in the low temperature regime is inherently different to that at higher 
temperatures. This suggests that there is a change in the hydrogen bonding network 
with changing temperature, and this is not unexpected. At lower temperatures the 
mobility of the water molecules in the gel are significantly reduced, possibly 
resulting in stronger hydrogen bonding on average, and higher diffusional activation 
energies. This could be partly due to significant (and possibly sudden) changes to the 
mobility of the polymer, in terms of both sidechain and backbone motions, as 
temperature changes. 
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Figure 5.17 EAo (in high and low temperature regions) vs EWC (80°C). 
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An alternative explanation is that a change in fractional free volume with 
temperature modifies the average translational motion of the water in such a way as 
to result in a diffusion process with effectively different activation energy and 
different Arrhenius coefficient. This is consistent firstly with the expectation that fJ 
(the constant of proportionality between the volume fraction of water in the gel and 
the fractional free volume) is a function of temperature. Secondly, hydrogels are 
elastomers (as described in Chapter 1) and are therefore expected to contract as 
temperature increases. Since the EWC was kept constant in the D vs T experiments, 
this could result in the gels being increasingly in a non-equilibrium state as 
temperature decreased, which may have contributed to the change in diffusion 
activation energy. 
Figure 5.17 also includes linear regressions performed over each data set. It is 
apparent from the high temperature plot and regression that no strong correlation 
(LRANOVA p=0.4056) can be drawn between EAD (high 1) and EWC. EAD is 
approximately constant in this region, regardless of the gel type. For the low 
temperature EAD values, a slightly better (negative) correlation exists, but the 
relatively large errors and the LRANOVA p value (0.1860) suggest that no significant 
correlation can be drawn. It should be mentioned that the accuracy of the exact D 
values at the lowest temperatures is relatively low since reliable measurement of 
such low D is limited by hardware. It is therefore hard to attempt to correlate 
activation energies for the low temperature region with gel type (or relative change in 
EAD). Furthermore, the negative correlation with EWC in the low temperature region 
may be due to a small degree of freezing of water (although no significant freezing 
could be detected at the lowest temperatures used (-20°C)) that may have occurred in 
the higher EWC gels. This would make the lowest temperature D values artificially 
small, (since thay would be biased towards that for the more strongly bound water), 
and the measured activation energies at low T artificially high. 
In summary, no significant difference can be found in the Arrhenius behaviour of D 
vs T for the set of hydro gels used. All materials show a consistent increase in EAD as 
temperature decreases, with measured EAD at high and low temperature not being 
significantly different for different gels. This is consistent with the observation in 
section 5.3 that the diffusional behaviour as a function of water content was also 
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relatively similar regardless of gel type. As discussed in section 5.3 however, the 
possibility of subtle differences existing between different gels should not be 
discounted. It may be that these differences are not borne out due to the limited range 
of materials studied and/or experimental limitations, such as measurement of low D. 
5.5 Summary 
The specific binding model when applied to the results presented in this chapter 
suggests that the higher EWe gels do indeed bind more water per unit mass of 
polymer than low EWe gels, but the proportion of water that is bound is lower than 
for the low EWe gels. In addition, for a given gel, the proportion of bound water 
increases with we. It was also shown using this model that at a single we, the 
proportion of specifically bound water was generally higher for a material that had a 
higher equilibrium we (EWC). However, these trends are relatively weak and as a 
result, the overall diffusion rates for water in the hydrogels studied show only a weak 
correlation at best with polymer properties, being dominated by the absolute water 
content. This is evidenced by the fact that the D vs We data (Figure 5.5) and D vs Q 
data (Figure 5.14) all approximate to a common curve in each case. 
In contrast to the specific binding model, the modified free volume model suggested 
that the diffusional behaviour of the water was dominated by the current we of the 
material alone. Using this model, no differences could be found based on 
composition or EWC. This concurs with the approximate conformity of the data to a 
universal curve. 
Future work in this area could be concentrated on looking at custom designed 
materials to determine whether there is any genuine dependence of diffusion on the 
exact composition of the gel. A varying cross-link density might also be examined to 
determine any effect on the resulting fitted parameters for the modified free volume 
and specific binding models. The proportion of cross-linker for the materials used in 
this study was not known in all cases, but for contact lens hydrogels this proportion 
is typically less than 1% (Benz and Orrs, 1996). In any case, the results of this study 
indicate that the degree of swelling is the dominant factor in determining the 
diffusional mobility. 
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A Study of NMR Relaxation in Hydrogels 
As was discussed in the theory sections (Chapters 2 and 3), the proton relaxation 
times T1 and T2, are related to the state of binding and mobility of the molecules 
containing them. Thus by measuring these relaxation times we can quantify the 
behaviour of water on the molecular level. A comprehensive study of the way the 
hydrogel protons relax under various conditions was therefore undertaken in order to 
obtain a more complete understanding of the molecular binding and mobility of water 
in hydrogel contact lenses, and how this might relate to dehydration on the eye. 
6.1 NMR Methods 
6.1.1 T1 measurement 
T1 was measured using a standard inversion-recovery (IR) sequence, as described in 
Chapter 2 (section 2.3.1). The repetition time was set to at least 4-5 times T1, and the 
variable delay set such that the signal had reached the constant (plateau) value by the 
last point. Typically, 16 points in the recovery were taken. For the temperature 
dependence experiments, the samples were wrapped in a polyethylene film (see 
sample preparation; section 5.3.3). Although the mass of the film was typically less 
than 5% of the total sample mass, it contributed a measurable signal (with relatively 
short T2). The contribution from the film was generally negligible in the T1 recovery 
curve. However, for good practice a short delay after the 90° read out pulse (normally 
used for receiver ring-down) was set to 1 OOf.Ls, to allow this signal to decay 
significantly in the transverse plane before the FID was recorded. This also served to 
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remove the polymer contribution to the measured signal for certain hydrogels, as will 
be discussed below. 
In all cases, the data was well fitted to a single component exponential. These fits 
were performed using a Levenberg-Marquardt non-linear least squares fitting routine 
with three free parameters (see equation 2.32). A few representative T1 data sets with 
fits are shown in Appendix VI. 
6.1.2 T2 measurement 
T2 was measured usmg a standard Carr-Purcell Meiboom-Gill (CPMG) pulse 
sequence, as described in Chapter 2 (section 2.3.2). For most of the earlier 
measurements, T2 was also measured as a function of the Carr-Purcell inter-pulse 
spacing. This spacing was found to not affect the fitted T2 values significantly for 
most of the materials, as will be discussed below. Consequently, a standard 180° 
pulse spacing of 2.4ms was adopted for subsequent T2 measurements. This was the 
smallest pulse spacing allowed by the hardware using a 10mm RF coil. For this coil, 
the 90° pulse duration was typically about 15!Js. For contact lenses, a smaller RF coil 
was used and CPMG spacings could be set at 750!JS. For this coil, the duration of a 
hard 90° pulse was typically measured to be 3-4!Js. 
The number of points varied from eight up to several thousand such that a baseline 
was achieved by the end of the measured decay. The data set was then baseline 
corrected and fitted using a Levenberg-Marquardt non-linear least squares fitting 
routine to a two free parameter equation (see equation 2.1 0). Typical T2 data sets with 
fits are shown in Appendix VI. 
For the temperature dependence studies, at higher temperatures the polyethylene film 
that the sample was wrapped in (see sample preparation; section 5.3.3) was shown to 
contribute a short T2 component to the start of the measured decay. In such cases, the 
initial data on the decay was discarded point by point, and the curve fitted until the 
fitted T2 approached an asymptotic value (and the decay was well fitted to a single 
component exponential). 
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6.2 Preliminary Studies 
6.2.1 Measurement of relaxation in P.B.S. 
A major part of the work in this thesis involved measurement of relaxation of water 
in hydrogels as a function of temperature. To assist in the modelling of this data and 
to obtain a 'baseline' for the relaxation behaviour of water in bulk phosphate 
buffered saline (PBS), T1 and T2 were measured as functions of temperature for PBS, 
which is what hydrogel contact lenses are normally hydrated in. The exact formula of 
the PBS used was based on a standard recipe and is given in Appendix IV. The 
standard IR and CPMG pulse sequences that were described in Chapter 2 were used 
for this purpose (see section 2.3.1 and 2.3.2). 
Figure 6.1 and Figure 6.2 are the results for T1 and T2, respectively, plotted as an 
Arrhenius plot (T1, T2 on a log scale vs reciprocal temperature). From the non-
linearity of Figure 6.1 it is evident that T1 must be described over this temperature 
range by more than one correlation time. This behaviour is similar to that measured 
by Krynicki (Krynicki, 1966) for distilled water. In contrast to this, as shown by 
Figure 6.2, the plot for T2 is reasonably linear suggesting that the transverse 
relaxation can be adequately described with a single correlation time. 
Accordingly, it was found that the data could be well modelled using two correlation 
times for T1 and a single (rotational) correlation time for T2. The fitted lines are 
shown in Figure 6.1 and Figure 6.2. The T1 data was also fitted using a single 
correlation time to obtain an effective average activation energy and Arrhenius 
coefficient. The fitted parameters are shown on the figures. The origin of the double 
correlation time behaviour of T1 is unclear, but could be due to the separate 
contributions from rotational and translational motion. However, this would mean 
that the second fitted rotational correlation time is actually an apparent rotational 
correlation time that adequately describes the translational motion contribution to T1 
relaxation. An alternative explanation is that water in the hydration sphere of the 
sodium ions in PBS contributes a second correlation time. 
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6.2.2 T1 and T2 relaxation in contact lenses 
During the early stages of the project, T1 and T2 were measured at the on-eye 
temperature of 34.5°C for a set of hydrogel contact lenses. The materials studied 
included seven classified contact lens types manufactured by Vistakon, each in 
triplicate. T1 and T2 were measured for each sample. In most cases, the T2 curves 
were shown to be two component. This was thought to be due to the existence of a 
relatively small amount of surface water on the lens caused by blotting on moistened 
filter paper. Measured EWCs that were consistently higher than the manufacturer's 
stated EWCs seemed to confirm this. (At the time of these measurements it was 
thought that by using moistened filter paper, the lens surface water might be removed 
while ensuring the surface didn't dry out, however it was later shown that measured 
EWCs that compared well with stated EWCs were more easily obtained using dry 
filter paper). These T2 curves were therefore fitted to 2 components, with the larger 
component (shorter T2) taken as the bulk hydrogel T2. T1, being less sensitive to small 
amounts of surface water, was well fitted to a single exponential in all cases. Similar 
measurements were later performed on four commercial contact lens types (Acuvue, 
Newvues, Cibasoft and SeeQuence2) using the dry filter paper blotting method. For 
these samples, both T1 and T2 were well fitted by single exponentials. 
The results are shown in Figure 6.3, plotted as T2 vs T1, for each sample, with 
nominal EWCs shown in brackets in the legend. The scatter in some of the triplicate 
sets is thought to be due to inconsistencies in blotting. The scatter is significantly 
reduced for the commercial contact lenses on the plot, confirming the improvement 
in blotting technique. We can also see that T1 and T2 in general increase with 
increasing EWC. More significantly, T1 and T2 can be seen to distinguish the different 
materials, even those of similar EWC ( eg. Lidofilcon/ B-11 B-2). This was seen as 
very promising, as it suggested we could observe subtle differences in the state of 
water in hydrogels of different composition by measuring NMR relaxation times. 
Consequently it was surmised that a study of the temperature and water content 
dependence of the relaxation times would give a more complete picture of the 
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hydrogel water behaviour, and this behaviour would be better quantified by 
calculation of (for example) the T1 and T2 correlation times and activation energies. 
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6.2.3 Effect of CPMG pulse spacing on T2 
As described in Chapter 2, the train of 180° pulses in the CPMG sequence refocusses 
magnetisation that is lost due to diffusion in the presence of background gradients. 
Similarly, 180° pulses will also refocus magnetisation that is dephased due to 
exchange of protons between environments with different Larmor frequencies 
(chemical shifts). The degree of the refocussing will in general depend on the 180° 
pulse spacing. This effect has been shown and modelled by Hills and co-workers 
(Hills, Takacs et al., 1989), for protein solutions which have the same chemically 
exchangeable protons (hydroxyls) as the hydrogels used in this study. 
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To determine whether this effect was significant for these hydrogels, T2 was 
measured at various temperatures for each of them, as a function of the CPMG 
spacing, r, in the range 0.375 up to 60ms (range was limited by the T2). It was found 
that there was no significant variation in T2 with r, and this is shown in Figure 6.4 for 
the HEMA/GMA hydrogel, Benz 45G (see Appendix I for exact composition) at 
various temperatures in the range 15-80°C. This suggests that the chemical shift 
difference between the water and hydroxyl protons is not significant at our field 
strength. As mentioned above in section 6.1.2, it was then decided for good practice 
to use the shortest CPMG spacing possible for all future T2 measurements. This also 
ensures that there are enough points on the decay to obtain a good fit, particularly at 
low temperature (when T2 becomes very short). 
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Figure 6.4 T2 vs dor Benz 45G at various temperatures. 
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6.3 Temperature Dependence of T1, T2 
T1 and T2 were measured as a function of temperature in the range -30°C to 80°C, for 
the set of materials shown in Table 6.1, using the same methods as described in 
Section 5 .2.1. For temperature studies, actual contact lenses were not suitable, as they 
were shown to dehydrate excessively during high temperature measurements. For this 
reason, larger samples of a more convenient geometry were needed that could be 
wrapped in plastic film to prevent this. Such samples were acquired in 'button' form 
from Benz Research & Development and Capricomia Contact Lens. These buttons 
are the raw materials from which commercially available contact lenses are lathe cut. 
This also meant that the chemistry of the materials was accurately known in most 
cases from the patent literature (see Appendix I), which was essential in the 
interpretation of the results. 
Table 6.1 Hydrogels used in the Tt and T2 temperature dependence study. 
Hydrogel Name Composition Nominal EWC at 2ffC Measured EWC at BffC 
(%wt.lwt.) (%wt.!wt.) 
IGEL38 HEMA 38 37.8 
IGEL58 NVP/MMA 58 37.8 
IGEL 67 NVP/MMA 67 49.7 
IGEL 77 NVP/MMA 77 63.7 
Benz 38 HEMA 38 34.7 
Benz45 HEMA/NVP 45 37.2 
Benz 55 HEMA/NVP 55 42.9 
BenzG-3X HEMA/GMA 45 43.9 
Benz G-5X HEMA/GMA 58 56.1 
BenzG-7X HEMA/GMA 70 74.5 
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6.3.1 Results 
The results for T1 and T2 respectively, are shown in Figure 6.5 and Figure 6.6 as 
Arrhenius plots. The plots are divided in each case for greater clarity. As described in 
Chapter 2 (see Figure 2.2), if the relaxation is dominated by a single correlation time 
whose temperature dependence follows an Arrhenius activation law, then plots of 
this form should be linear, and clearly for T2, they are not. 
From a qualitative point of view, we can see that T1 increases with increasing 
temperature for all materials over the entire temperature range, however this 
behaviour (as for T2) is also not linear. The high water content (HWC) IGEL 
materials (based on MMA/NVP) have the greatest temperature dependence, and the 
'pure' HEMA materials (Benz 38 and IGEL 38) have the least temperature 
dependence. 
T2 however, exhibits a complex behaviour, with local minima and maxima seen in 
the temperature range studied for the Benz materials and IGEL 38, all of which 
contain HEMA. This type of behaviour is consistent with chemical exchange of 
water protons with exchangeable polymer protons (which have very short T2, 
typically less than 100~--ts), as was described in Chapter 2. For the HEMA containing 
materials (which have exchangeable hydroxyl (OH) protons) this exchange appears to 
dominate T2 relaxation at these temperatures, producing a T2 value which is averaged 
over all exchangeable proton states and which is very much less than T1• For the 
HWC IGEL materials T2 is relatively long and varies monotonically with 
temperature. This can be explained by the fact that these materials are copolymers of 
MMA and NVP, which have no exchangeable protons (see chemistry diagrams in 
Chapter 1; section 1.3.2). 
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Figure 6.5 Arrhenius plot of T1 for 10 hydrogels. The graph is divided for clarity, with each plot on the 
same scale. 
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6.4 Analysis of the T2 vs Temperature Data 
6.4.1 T2 relaxation in IGEL 
Since the T2 relaxation exhibited by the HWC IGEL materials was less complex than 
that displayed by the remaining samples, these materials were used as the starting 
point for modelling the relaxation behaviour. It was initially assumed that all protons 
that contribute to the measured signal are essentially in fast exchange (on the NMR 
timescale of ~ms, or typical T2 values) and are therefore equivalent. That is, the data 
could be described using a single proton species with characteristic average T2 
describable in terms of a single correlation time. It immediately became apparent 
however, that the data could not be fitted in this way over the entire temperature 
range, and that the model was over simplistic. In order to obtain a satisfactory fit to 
the data it was necessary to invoke at least two correlation times, for the water 
protons. 
The most obvious explanation for this is that there exists water protons in different 
environments that are in fast exchange over the temperature range used, and they can 
be adequately described by two correlation times. For example, 'bound' and 'free' 
water, or 'surface' and 'bulk' water, as described in section 3.4.3. Alternatively, this 
could be explained if the water protons exhibit anisotropic reorientation, that can be 
adequately described in terms of two distinct motions, each described by a single 
correlation time. In the following sections, the subscripts (which have been 
introduced previously) 'f (fast) and 's' (slow) refer to these two correlation times. 
No clear distinction is made between the case where there are distinct water proton 
pools ('bound' = slow; 'free' = fast) and a single water proton population with 
anisotropic molecular motion. 
Equations 2.21, 3.5 and 3.6 were used in a non-linear least squares routine in 
Sigmaplot to fit each of the three HWC IGEL sets of T2 data. As initial estimates, the 
parameters that described the fast water motion (Eb1, TbJO) were set to the values that 
were measured for free water in phosphate buffered saline: Ebf= 8.56 kJ/mol and TbfO 
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= 4.87 x 10-13s (see section 6.2.1). It was found that good fits were obtained with 
these parameters for the bf species, and they were therefore fixed in the final fitting 
procedure. The proportion of the bf species was consistently found to be about 2%, 
and so it was also fixed in the fitting procedure. 
The experimental data with fitted curves are shown in Figure 6.7, Figure 6.8 and 
Figure 6.9, and the fit parameters are shown in Table 6.2. From a qualitative 
viewpoint, the fits describe the experimental trends well. The activation energies and 
values of the Arrhenius Law coefficients ( Tbo terms) are within the range of values 
quoted in the literature for molecular motions in hydrogels (Walker, 1987, 
Wisniewski and Kim, 1980, Barbieri, Quaglia eta!., 1998, Hills, Takacs eta!., 1989). 
Even though the weighting of the long correlation time (slow) water component is 
only 2%, it still significantly modifies the measured T2 since low frequency motions 
dominate T2 relaxation (see Chapter 2). The faster motion of the water protons is the 
same as that measured in PBS (see section 6.2.1) for all the IGEL materials, with the 
contribution from the slower motion being associated with a significantly higher 
activation energy, Ebs, which decreases with increasing EWC. This is expected as the 
water is anticipated to behave more like free water as EWC increases, such that the 
activation energy approaches the value measured for PBS (8.56 kJ/mol; see section 
6.2.1 ). In a similar manner, the Arrhenius coefficient, TbsO increases with increasing 
EWC, also approaching the value measured for PBS (4.87 x 10-13s). 
Gel Name 
IGEL 58 
IGEL 67 
IGEL 77 
Table 6.2 T2 fit parameters for HWC I GEL materials. 
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Figure 6.7 Arrhenius T2 plot for IGEL 58 with theoretical fit to data. 
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Figure 6.9 Arrhenius T2 plot for I GEL 77 with theoretical fit to data. 
6.4.2 The T2 exchange model 
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In attempting to model the Benz and IGEL 38 data, a similar double correlation time 
molecular motion model to that employed for the IGEL materials was used, with the 
complication that an additional proton species needed to be accounted for (the 
hydroxyl protons of the HEMA and/or GMA components of the hydrogels) with a 
parameter to describe exchange between them and the water protons. 
The measured spectra showed no obvious signs of a chemical shift difference 
between the water or hydroxyl protons, with only a single narrow peak discernible. 
Further evidence that this chemical shift difference was not significant was the fact 
that for no hydrogel used was there any significant CPMG pulse spacing dependence. 
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The 180° pulses rephase magnetisation lost by dephasing due to the chemical 
exchange of protons amongst environments of different chemical shift. It is therefore 
expected that if a significant chemical shift difference existed between the water and 
hydroxyl protons, T2 would significantly decrease with increasing CPMG spacing, 
and this did not occur. 
As presented in Chapter 3, assuming a two-site proton model with sites labelled by 
'b' and 'c', we have as the basic equation, neglecting the chemical shift: 
1 (1- pJ Pc 
--= + -----'=---
r;obs r;b rex + I;c 
[ 6.1 l 
where T2b and T2c are the characteristic T2s of the b and c sites respectively, Pc is the 
proportion of protons in the c site and rex is the lifetime for exchange process, or the 
exchange correlation time. 
As for the IGEL materials, the Benz/IGEL 38 data could not be fitted using a single 
correlation time for the water proton b species. However, a single correlation time 
was adequate for the c species hydroxyl protons. Due to the relatively large number 
(1 0) of potentially free parameters in a model described by the multiple correlation 
time T2 exchange equation, it was important to use a consistent method in fitting the 
data, as well as constraining as many of the parameters as possible to realistic values. 
Without doing so carefully, the non-linear fitting routine (in Sigmaplot) rarely 
converged, or when it did, it in general converged to systematically incorrect fit 
parameters that were very dependent on the chosen starting values. The approach 
adopted was therefore as follows: 
Fixed Parameters: 
1. At sufficiently low temperature, the second term in the basic T2 exchange 
equation (equation 3.3) becomes negligible and the measured T2=T2bsfwbs· In this 
regime, the slope of the Arrhenius plots (Figure 6.6) should be Ebs· Initially then, 
a linear regression was performed on this section of the curve, and Ebs fixed 
thereafter to the calculated slope. 
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2. The c species protons in the model were assumed to be exchangeable polymer 
protons, (OH protons for the materials studied). Strong evidence for this is the 
behaviour of the IGEL materials, which while still binding water in a similar 
manner to the other materials have no exchangeable polymer protons. Based on 
the chemical formulations of the materials studied that are available in the patent 
literature, Pc was calculated from the proportion of OH groups to total water plus 
OH protons and fixed at this value (see Appendix I for the gel formulations and 
Appendix III for detail ofthe calculations for Pc). 
3. For the HWC IGEL materials (with measured EWCs from 37.8% to 63.7%) the 
slow motion weighting factor in the double correlation time T2 equation 
(Equation 3.5) was found to be the same (2%) regardless of EWC. It was then 
assumed that Wbs for the other materials (Benz, IGEL 38) was equivalent to this 
value. 
4. At low temperature (as stated above), the measured T2=T2b=T2blwbs· Since the 
only free parameter left in this term is Tbso, a non-linear least squares regression 
was performed on this part of the data to determine its value, which was then 
fixed for fitting of the entire curve. 
5. Finally, after fitting the HWC IGEL materials, it was shown that the parameters 
corresponding to the faster component of motion for the water protons were the 
same as those measured for free water in PBS. These parameters were therefore 
fixed to these values for fitting of the Benz and IGEL 38 data. 
This effectively leaves six free parameters in the model. These were (obviously) 
constrained to be positive. Initial estimates of their values were obtained based on the 
slopes of the curves in certain regions, and previous data obtained by Walker and co-
workers (Walker, 1987) as follows: 
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Initial Estimates: 
1. The exchange activation energy (Eex) was shown through comprehensive testing 
of the model and consideration of the exchange equation to determine the slope 
of the Arrhenius plot between the local minima and the local maxima. This didn't 
vary significantly between different materials, so Eex was initially set to 45 
kJ/mol, approximately the slope of this section of the curves. 
2. In a similar manner, a combination of Ebs and Ec determine the slope of the 
Arrhenius plot at high temperature (left hand side of the plot). Hence Ec was 
initially set to approximate the slope in this region of the Arrhenius plot. 
3. Teo and TexO were initially set to 10-16s And 10-9s, respectively based on values 
measured by Walker (Walker, 1987). 
In the above manner, each of the T2 data sets obtained from samples in which 
chemical exchange contributed to spin-spin relaxation was fitted to the model. As 
shown in Figure 6.1 0 - Figure 6 .16, the results agree well with the data. In all cases, 
residuals were <5% (usually less then 1 %) and random about zero. The fit parameters 
are listed in Table 6.3. As for the HWC IGEL activation energies (Ebs), the values for 
Ec and Ebs are lowest for the highest (measured) EWC materials, Benz G-5X and 
Benz G-7X. In addition, the Arrhenius law coefficients, TbsO and Tb.fD, are seen to 
increase with increasing EWC. 
Table 6.3 Fit parameters for Benz materials and IGEL 38. 
Gel Name fbsO Ebs leo Ec fexo Eex Pc (s.) (kJ/mol.) (s.) (kJ/mol.) (s.) (kJ/mol.) 
IGEL 38 2.75e-17 50.0 2.05e-17 63.0 4.25e-10 41.0 0.1020 
Benz 38 2.56e-17 50.0 5.65e-16 55.4 5.60e-11 47.0 0.1150 
BenzG-3X l.IOe-16 44.5 5.60e-16 52.5 3.53e-11 46.0 0.0860 
Benz G-5X 7.50e-18 48.0 7.20e-15 44.0 3.65e-10 39.0 0.0680 
Benz G-7X 7.35e-15 35.0 3.95e-13 32.5 2.45e-9 35.0 0.0365 
Benz45 1.65e-17 50.5 4.60e-16 58.0 7.70e-11 43.5 0.0300 
Benz 55 2.82e-17 48.5 2.87e-17 62.0 1.19e-9 39.0 0.0381 
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Figure 6.10 Arrhenius T2 plot for !GEL 38 with fit to the proton exchange model. 
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Figure 6.11 Arrhenius T2 plot for Benz 38 with fit to the proton exchange model. 
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Figure 6.12 Arrhenius T2 plot for Benz G-3X with fit to the proton exchange model. 
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Figure 6.13 Arrhenius T2 plot for Benz G-5X with fit to the proton exchange model. 
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Figure 6.14 Arrhenius T2 plot for Benz G-7X with fit to the proton exchange model. 
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Figure 6.15 Arrhenius T2 plot for Benz 45 with fit to the proton exchange model. 
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Figure 6.16 Arrhenius T2 plot for Benz 55 with fit to the proton exchange model. 
6.4.3 Effect of osmolality on chemical exchange and T2 
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As described in the theory (section 3.4.2) and as shown above, the chemical 
exchange between water protons and exchangeable polymer protons causes the 
local minima and maxima on the plots of T2 vs liT, for materials that contain 
exchangeable polymer protons. For a particular hydrogel, the rate of chemical 
exchange (1/ Tex) is expected to be dependent on the hydrating buffer properties such 
as pH and osm olality (ionic concentration) (Gochberg, Kennan et al., 1998). By 
hydrating a hydrogel in buffers that have different pH or osmolality, the exchange 
kinetics should be altered. Since we can infer the chemical exchange parameters 
from the T2 temperature behaviour, the temperature dependence of T2 was measured 
for two HEMA hydrogel samples, hydrated in buffers of the same pH but different 
concentrations of the sodium phosphate buffering species. The results are shown in 
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Figure 6.17 for both samples. Table 6.4 displays the buffer osmolalities used, and 
the respective fitted parameters, and their percentage differences between the two 
samples. (For the Arrhenius coefficients, this percentage is expressed as the 
difference between the log of the Arrhenius coefficients). 
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-1-N 
1Q-2 
1 Q-3 
-- Fit Normal PBS 
e HEMA (Normal PBS) 
Fit High lonicity PBS 
.6 High lonicity PBS 
2.8e-3 3.2e-3 3.6e-3 
1/T (1/K) 
4.0e-3 4.4e-3 
Figure 6.17 T2 vs 1/T for HEMA hydrogel, hydrated in normal PBS (24 mOsmoi!L buffer), and 
higher ionic concentration PBS (150 mOsmoi/L buffer). 
Table 6.4 T2 fit parameters for HEMA hydrogels hydrated in phosphate buffered saline (PBS) of 
different osmolality. The table also includes a calculation of the relative differences between to the 
two sets of parameters- for the Arrhenius coefficients, the errors are expressed as the difference in 
the log of the Arrhenius coefficient. 
Buffer tbsO Ebs teo Ec texo Eex Pc Strength (s) (kJ/mol) (s) (kJ/mol) (s) (kJ/mol) 
24mOsM 2.56e-17 50.0 5.65e-16 55.4 5.60e-ll 47.0 0.12 
150mOsM 9.00e-18 53.5 1.55e-16 59.0 1.70e-8 30.0 0.14 
% difference -3 -7 -4 -6 24 36 -22 
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As Table 6.4 shows, the fitted parameters that vary most significantly between the 
two samples are the exchange activation energy (Eex) (36% increase) and the 
Arrhenius exchange coefficient ( Texo) (24% increase). The remaining parameters all 
show decreases, but by no more than 10%. This can probably be explained by the 
slightly decreased EWC (and resulting increased Pc value) for the gel in the higher 
ionicity buffer (31.0% compared to 34.7% in the normal PBS). These results 
confirm the expected difference in the chemical exchange kinetics and are further 
evidence for the validity ofthe exchange model. Figure 6.18 is a plot of the chemical 
exchange rates vs liT for each of the samples. As expected, at the higher ionic 
strength the exchange rate is increased over the entire temperature range. 
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Figure 6.18 Chemical exchange rates (on a log scale) as a function of temperature for HEMA 
hydrogel hydrated in PBS of different osmolarities. 
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6.4.4 Discussion 
6.4.4.1 Origin of the double correlation time behaviour ofthe water protons 
The fact that more than one correlation time was needed to adequately characterise 
the relaxation of the b species, but not the c species at first seemed surprising. It was 
expected that any anisotropic motion would occur predominantly for the c species 
protons, which exist on the polymer side-chain. It was anticipated these protons 
could exhibit two distinct motions - a relatively fast rotational motion about the side-
chain axis, and a second slower motion governed by the 'flip-flop' motion of the 
side-chain itself. While anisotropic reorientation could also be expected for water 
molecules in a layer adjacent to the polymer, it was thought that the hydrogel water 
proton relaxation behaviour would show less evidence of this anisotropic motion 
because of the averaging effects of exchange with 'bulk' water molecules. However, 
the fits suggested that the opposite was the case. That is, in order to fit the data well 
over the entire temperature range, while the c species T2 behaviour could be 
adequately described by a single correlation, the b species could only be described in 
terms of a double correlation time model. 
A possible explanation for this result that does not discount anisotropic motion for 
both b and c species, is that the motion of the hydroxyl protons is so dominated by 
the motion of the sidechain itself, that the weighting factor for the faster rotational 
motion (WcJ) is very small. Since T2 relaxation is dominated by slower motions, the 
fast motion term in the double correlation time T2 equation (Equation 3.5) has 
negligible contribution. The opposite would apply for the b species water protons, in 
that the weighting factor for the slower motion (wbs) is very small. Nevertheless, 
because T2 (in general) is dominated by slower motions, this motion still significantly 
contributes to the overall relaxation of the water protons. The faster anisotropic 
motion term also contributes due to its very large weighting factor. Alternatively, the 
results can equally be interpreted in terms of the model of exchange of water 
molecules between 'bound' and 'free' environments. In fact this appears to be the 
more obvious explanation, and is consistent with the interpretation of Barbieri and 
co-workers (Barbieri, Quaglia et al., 1998) who performed similar studies on three of 
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the Benz range of contact lens hydrogels. If the behaviour can be well represented by 
two distinct water species, the model tells us that they are effectively in rapid 
exchange with each other over the complete temperature range studied. It is not 
surprising that the rate of exchange between two such water species would be greater 
than that between water protons and hydroxyl protons. However, at sufficiently low 
temperature, even this exchange rate would decrease, until the two water species 
appear in the decay as separate components. However this behaviour was not 
observed, and there was no appreciable drop in signal, even at the lowest 
temperatures for any material studied, suggesting that low enough temperatures for 
this to occur were perhaps not reached. 
6. 4. 4. 2 Behaviour of the fitted parameters 
Figure 6.19 is an Arrhenius plot of T2b for all the hydrogels studied, and Figure 6.20 
and Figure 6.21 are Arrhenius plots of T2c and lhex for the Benz and IGEL 38 
hydro gels. Figure 6.19 includes for comparison a plot of T2bf also, remembering that 
this is the T2 behaviour measured for bulk PBS (fixed in the fitting procedure for all 
materials). 
From Figure 6.19 we can firstly appreciate the significant modification that the T2bs 
term imparts to the total T2b, relative to T2bfi despite the very high weighting factor 
(fixed at 98% for all the gels studied) of the T2bfterm. This is particularly evident at 
the lower temperatures (right hand side of the 1/T-axis). It can also be seen that, 
within a given series and except for the anomalous behaviour of Benz G-5X, T2b 
generally deviates increasingly from T2bf (and is increasingly shorter relative to T 2b1) 
as EWC decreases. That is, the T2bs term contributes increasingly as EWC decreases. 
The anomalous behaviour of the Benz G-5X hydrogel (see Figure 6.13) could be 
explained by freezing of the water that occurred at the lowest temperature (-20°C). 
This data point is therefore lower in T2 than it should be, making the fitted 
parameters for Tbs (which can be approximated to the measured T2 at low 
temperature) unreliable. 
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Figure 6.21 In( rex) vs 1/T for the Benz and I GEL 38 hydrogels. 
The EWC correlated behaviour of the remaining hydrogels suggests that the slower 
motion contributing to T2b is more highly constrained (slower) for the lower water 
content hydrogels. This translates to more highly 'bound' water (in the 'bound' /'free' 
water description) or (possibly) slower motion of the polymer sidechains (in the 
anisotropic motion description). 
It could be speculated that the T2bs weighting factor (wbs) actually increases with 
decreasing water content (increasing proportion of 'bound' water), and that T2bs could 
in fact be relatively constant for each gel. However, as described above, the fitting of 
the HWC IGEL materials showed that the weighting factors were relatively constant 
for these materials, regardless of water content, suggesting the same might be true of 
the Benz and IGEL 38 materials. Significantly better fits could not be obtained by 
freeing up the weighting factors for the Benz and IGEL 38 materials, and so it was 
assumed the weighting factors did not change. 
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As shown by Figure 6.20, T2c also generally increases with EWC for the Benz and 
IGEL 38 hydrogels. This again suggests that the average rate of molecular motion for 
the hydroxyl protons is increasingly reduced as EWC decreases. This is thought to be 
due to these protons (and the polymer side-chains they exist on) being increasingly 
constrained as the ratio of water molecules to polymer units decreases. 
However, there is also some suggestion that the differences in T2c could also stem 
from differences in the relative mobility of HEMA hydroxyl protons vs GMA 
hydroxyl protons. The polymers that contain exchangeable polymer protons from 
HEMA only (ie. contain no GMA) show a very similar behaviour for T2c (see Figure 
6.20). Increasing the proportion of GMA in the HEMA/GMA copolymers (Benz G 
materials) seems to increase the hydroxyl mobility (seen by the increase in T2c). For 
example, the Benz G-3X (EWC = 43.9%) hydrogel shows a significant increase in T2c 
from the non-GMA-containing hydrogel Benz 55 (EWC = 42.9%), although they 
have very similar EWC. However, the EWC of all the non-GMA-containing polymers 
(IGEL 38, Benz 38/45/55) were similar (34.7-42.9%) and decreased from those of the 
GMA-containing polymers. This may indicate that this effect on T2c could in fact be 
simply due to the increased EWC (and hence polymer mobility) of the GMA-
containing materials. 
The behaviour of the exchange correlation time (Lex) is shown by Figure 6.21. This 
behaviour is once again consistent with the picture of increasingly constrained water 
motion as EWC decreases. In this case, the exchange rate (I !rex) is slower (Lex higher) 
for the lower EWC gels. This is thought to be due to the decreased rotational 
mobility, as well as the decreased translational mobility of the water molecules (as 
evidenced by the results of Chapter 5). Constrained translational mobility will 
decrease the probability of a water molecule diffusing to a hydroxyl proton with 
which it can chemically exchange. 
In order to show the EWC dependence more explicitly, the individual fitted activation 
energies and Arrhenius coefficients were plotted against measured EWC. (Figure 6.22 
and Figure 6.23). (The Arrhenius coefficients are plotted on a logarithmic scale). For 
the slower b species protons, these parameters (Ebs, Lbso) approach the values 
A STUDY OF NMR RELAXATION IN HYDROGELS 161 
measured for PBS (also shown on the plots) as EWC increases toward 100% 
(effectively the EWC of free water in PBS). 
Figure 6.22 Fitted Arrhenius law coefficients vs measured EWC for hydrogels. 
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Figure 6.23 Fitted Activation energy vs measured EWC for hydrogels. 
The motional activation energies, Ebs and Ec decrease with EWC from 45-65 
kJ/mol down to about 30 kJ/mol at the highest EWC, approximately linearly. The 
IGEL values for Ebs certainly appear to approach the value for PBS, and there is some 
indication that E6s for the remaining materials also approaches this value. The values 
for Ec however, appear to approach a higher limiting energy at 100% EWC, which is 
consistent with the decreased mobility of the polymer sidechain relative to that of the 
water. These activation energies should reflect approximate energies for breaking and 
reforming hydrogen bonds, which is the energy barrier that must be overcome for 
molecular motion to occur in the hydrogel. This is indeed the case, as hydrogen 
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bonds in these types of systems ( eg. alcohols, hydrates and biological molecules) are 
classed as moderate in strength and are quoted by Jeffrey to lie in the approximate 
range of 16.7 to 62.8 kJ/mol (Jeffrey, 1997). 
The Arrhenius coefficients for the slower motions show an increase with increasing 
EWC, but also approach the value measured for PBS, allowing for one anomaly in 
the TbsO values. These trends suggest that as EWC increases the average motion of the 
water molecules is less constrained, or faster. This agrees well with the fact that there 
will in general be more water molecules per unit mass of polymer for higher EWC. 
Thus as EWC increases the measured (overall) water behaviour is weighted 
increasingly toward free water and the measured parameters reflect this. 
For the faster motion in the HWC IGEL materials, (see section 6.4.1) the values of 
both TbfD and Ebf were the same as the values measured for free water in PBS, 
regardless of EWC. Since it was expected that the water in the other hydrogels (those 
which contained HEMA) would behave similarly in terms of its motional properties, 
the faster motion parameters were again fixed to those measured for PBS for fitting 
the HEMA containing gels (also as mentioned above). By varying these parameters, 
the fits could not be improved significantly. 
Also plotted in Figure 6.22 and Figure 6.23 are the exchange parameters that were 
calculated for those materials that exhibited proton exchange behaviour. Barbieri and 
co-workers measured T2 as a function of temperature, and calculated exchange rates 
(which they termed km) and exchange activation energies for a set of three of the 
Benz hydrogels, Benz 38, Benz 45G (similar to Benz G-3X; see Appendix I for exact 
compositions) and Benz 55G (similar to Benz G-5X; see Appendix I). A comparison 
of these exchange parameters is given in Table 6.5. As shown, the Eex values 
measured by Barbieri were almost half those measured for these same hydrogels in 
this study. In addition, their values for the chemical exchange rate ( re/ = km) at 28°C 
were significantly greater than those calculated in this work at 30°C, but still 
generally less than those quoted for solutions and gels in the literature. Most of the 
exchange rates quoted for such systems are for solutions ( eg. glucose, methanol, BSA 
(Hills, Takacs et al., 1989, Hills, 1990, Hills, 1991)) or very high WC (>90%) gels 
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(eg. polysaccharide gels (Derbyshire and Duff, 1974, Hills, Cano eta!., 1991)). The 
values quoted for these systems lie in the range 1400 to 5000 s-1• However, it is 
expected that the chemical exchange rate in systems with significantly lower we 
(such as the contact lens hydrogels of this study) will be significantly less. 
Table 6.5 A comparison of the findings of this study for the chemical exchange rate ( Tex-1}, vs those of 
Barbieri (km). 
Current Study Barbieri 
Gel EWC 
Name (%) -1 Tex Eex km Eex 
(s-1) (kJ/mol) (s-1) (kJ!mol) 
Benz 38 38 143 47 2041 27.6 
Benz G-3X 49 336 46 1300 25.1 
Benz G-5X 58 523 39 578 20.5 
Finally, Barbieri found that km increased with decreasing EWC, again in contrast to 
the findings of the current study. He suggested that this might be due to an increased 
ratio of water molecules to hydroxyl sites in the lower EWC gels. However, the 
present results suggest that the average mobility of the water molecules (which 
decreases with decreasing EWC) is the more dominant factor in this chemical 
exchange. 
These discrepancies are primarily thought to be due to the exchange model they used. 
They assumed that all the gel water behaved exactly as bulk water (which they 
measured) and that there was no slower molecular motion component for the water, 
in contrast to the findings of this study. Neglecting the presence of a slower motion 
component in the water, would lead to artificially short rex values, as Barbieri 
acknowledges. Barbieri did consider the possibility of a bound water component, but 
presented evidence that suggested the contribution would be negligible compared 
with the effect of the chemical exchange of water and hydroxyl protons on the overall 
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T2 relaxation. However, the results of this study suggest that this component cannot 
be neglected, even in spite of its small weighting factor. Particularly at lower 
temperatures, the slow motion water component significantly modifies the water 
relaxation relative to that of bulk water. 
The differences could also be attributed to the different fitting method for rex that 
they used. They assumed T2c = rex at the T2 minimum, then calculated rex at other 
temperatures by assuming that the change in T2c with temperature relative to T2 at the 
minimum, was the same as that of free water (over the same temperature range), 
which they had measured previously. However the results of this study show that in 
the temperature range they used, T2c for these materials varies by almost an order of 
magnitude. In contrast, the T2 measured for PBS (and the fixed T21used in fitting of 
the Benz/IGEL 38 gels) varies by a factor ofless than 2. 
A third possibility that could explain some slight differences is the temperature at 
which the materials were hydrated. For this study the hydration temperature was 
80°C, while Barbieri hydrated the gels at room temperature, resulting in slightly 
higher EWCs. While the lower EWCs would tend to increase rex, the relatively small 
( < 10%) variations in these EWCs would make this unlikely to be the dominant cause 
of the discrepancies. 
Despite these differences, the behaviour of Eex with EWC was similar to that which 
Barbieri and co-workers measured. As shown by Figure 6.23, Eex decreases with 
increasing EWC while rex increases with EWC. This behaviour resembles that of the 
b and c species parameters. However, they appear to have a significantly smaller 
dependency on EWC. This firstly reflects the fact that as EWC increases, the chemical 
exchange of water protons is also made easier due to the increase in average water 
mobility. However, it appears that the chemical exchange rate is only slightly 
dependent on EWC, and is more strongly influenced by (for example) osmolality, as 
shown by the significant differences measured for samples hydrated in PBS buffers 
of two different osmolarities (see Figure 6.17). 
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In summary, the T2 behaviour is well described by a model that incorporates a double 
correlation time for the water proton species and (depending on the presence of 
hydroxyl protons) an exchangeable macromolecular proton species. All protons 
have been shown to exhibit motional behaviour that is adequately described by a BPP 
model (rapid isotropic motional averaging), but quantitatively modified (in terms of 
activation energy and Arrhenius coefficient) due to binding via hydrogen bonds in the 
hydrogel. The results also show that for the water in the hydrogel, this behaviour 
approaches that of free water as EWC increases, a reflection of the larger proportion 
of relatively 'free' water. The parameters for the hydroxyl protons and for the 
exchange also show trends with increasing EWC that reflect an increase in water and 
polymer mobility. These results suggest that for the range of materials studied, the 
water proton T2 behaviour is dependent mainly on EWC, regardless of composition. 
Furthermore, this implies that the average degree of water binding is also dependent 
on EWC, a result which is not surprising if we consider that as EWC increases, there 
are (on average) more water molecules per binding group in the hydrogel. 
6.5 Multi-exponential T2 Relaxation 
The mono-exponential T2 decays observed in the results described above suggest that 
all observable proton species are in fast exchange on the timescale of the T2 
measurement. The exchange model predicts that the T2 decay for the Benz and IGEL 
38 gels will be become hi-exponential when the exchange between water and 
hydroxyl protons reaches the low temperature/slow exchange limit. However, 
because the intrinsic relaxation of the hydroxyl protons is assumed to be fast on the 
timescale of our CPMG pulse spacing, it does not contribute to the measured T2. In a 
similar way, the contribution from the non-exchangeable polymer protons is also not 
'visible' due to their very short T2. On our system, CPMG interpulse spacing was 
limited by hardware to be greater than about 0.5ms, meaning that T2 decays of 
species with T2 < 1ms will not be measurable. The T2 values suggested for the most 
rigid polymer protons in the literature lie are < 30f.ls (Gochberg, Kennan et al., 1998, 
Ablett, Lillford et al., 1978). More labile polymer protons have been measured to 
have T2 approximately in the range 100-SOOf.ls (Ablett, Lillford et al., 1978, Barbieri, 
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Quaglia et al., 1998). This was also shown above (section 6.4.4) to be the case for the 
hydroxyl protons. 
By performing measurements of T2 on a system that would allow CPMG pulse 
spacings of 1 OO).ls or less, the number and origin of short T2 proton populations might 
be determined. Such proton NMR experiments (as described below) were performed 
on a Bruker MSL300 system operating at 300 MHz for protons, in the Centre for 
Magnetic Resonance (CMR) at the University of Queensland (UQ), Brisbane. The 
aim of these experiments was to verify the existence of non-exchangeable polymer 
protons and hydroxyl protons (in samples that contain them), as well as their relative 
proportions. Although the results of the previous section suggested otherwise, 
previous authors have reported non-exchangeable short T2 proton species, which they 
suggest could be tightly bound water that exchanges slowly on the measurement 
timescale (Ablett, Lillford et al., 1978). The existence/non-existence of such a 
species might also be clarified by appropriate T2 experiments. 
6.5.1 Methods 
Samples of the three gel types, Benz 38 (HEMA), Benz G-5X (HEMNGMA) and 
IGEL 58 (HEMA/NVP) were firstly hydrated in D20 PBS (by exchanging initially 
dry samples with fresh D20 PBS several times over a period of weeks). These 
samples would presumably allow measurement of non-exchangeable polymer proton 
species only, assuming that all exchangeable protons had been replaced by 2H nuclei. 
Separate samples of each gel were also prepared in the dry state, or hydrated in H20 
based PBS respectively. Each sample was then wrapped in polyethylene 'cling film', 
sealed in a vial, then equilibrated for several days. The mass was monitored to check 
for any water loss or gain. 
The samples were then taken to the CMR, weighed, then inserted into the MSL 200 
vertical bore spectrometer at 35°C. T2 was measured using a CPMG sequence, with 
interpulse spacings of 50J..Ls. The samples were then removed and re-weighed. 
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The data was observed to exhibit multi-exponential behaviour*, hence each decay 
was fitted initially to 2 components, then 3 or more, until the residuals for each fit 
were randomly distributed about zero, with no obvious systematic errors (see 
examples in Appendix VI). Over-parameterisation of the fit equation was also 
monitored using the calculated parameter dependencies. (Dependencies that are close 
to unity indicate unreliable fits due to the use of too many components). The longest 
T2 components were generally determined by initially fitting the end of the decay 
only and then progressively including more points closer to zero time, until a 3-5 
component fit (depending on sample) was performed over the entire data set. The 
fitting routine was a Levenberg-Marquardt non-linear least squares algorithm, 
performed using Jandel Scientific Sigmaplot. The fits were qualitatively very good, 
with standard errors of <1% for all parameters. The general equation fitted to was: 
[ 6.2] 
n 
where M(t) is the signal magnitude and n = 3-5, depending on the sample. 
6.5.2 Results 
The measured water contents for the D20 PBS samples were within 5% of the 
manufacturers nominal (H20) water contents in all cases, and the dry samples were 
measured as having water contents less than 0.7% after being taken from the NMR 
spectrometer. The gels hydrated in D20 PBS and H20 PBS had 1H T2 decays that 
were fitted to four components for the Benz gels and to five for the IGEL 58 sample. 
The dry gels were all well fitted to four component decays. Reducing the number of 
components gave significantly worse residuals, which showed systematic (rather than 
random) variation. The fit data are shown in Table 6.6. 
For the D20 gels, as shown, the highest proportion component had a T2 value of close 
to 1 OOf..Ls in all cases. There was also a component of significant proportion with a T2 
* The first point recorded on each decay was from the FID. Later points were from CPMG echo amplitudes. The 
initial point was of significantly higher magnitude, suggesting the existence of a fast relaxing, rigid proton 
species with T2 of <30[.ls, most likely from backbone polymer protons. Due to the uncertainty in fitting such a 
short decay (with effectively a single data point), the first point was deleted and only the remaining data fitted. 
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value of several hundred ~-ts. Other higher T2 components were also fitted in these 
gels, with T2 values typical of that expected for water in these materials. 
Table 6.6 T2 fit data for D20 PBS hydrated, H20 PBS hydrated and dry samples. 
Short Intermediate Long 
Gel State lo(I) T2(1) 10(2) T2(2) Io(3) T2(J) 10(4) T2(4) 10(5) T2(S) 
(%) (JlS) (%) (JlS) (%) (ms) (%) (ms) (%) (ms) 
Benz 38 HzO 43.6 81.8 3.2 373.2 - - 4.5 61.7 48.6 27.9 
Benz G-5X HzO 33.2 116.3 14.5 820.0 - - - - 52.4 15.5 
IGEL 58 HzO 35.4 99.7 13.2 580.6 8.4 3.0 5.9 10.9 37.1 557.5 
Benz 38 D20 89.2 86.8 4.2 291.7 4.2 64.6 - - 2.4 110.7 
Benz G-5X D20 93.9 47.8 4.2 564.8 1.0 3 - - 0.9 86.9 
IGEL 58 DzO 50.4 104.3 19.1 545.6 14.3 2.9 13.0 10.6 3.2 633.9 
Benz 38 dry 97.0 101.6 2.2 535.2 0.5 7.2 - - 0.3 55.2 
BenzG-5X dry 96.5 72.4 2.6 487.5 0.6 6.5 - - 0.2 53.2 
IGEL 58 dry 97.2 68.3 1.9 455.7 0.7 5.6 - - 0.3 50 
The highest proportion T2 component in the dry gels also had a T2 of about 1 00~-ts. 
This accounted for more than 96% of the signal. In all cases a similar component to 
that found in the D20 gels, with a T2 value of several hundred ~-ts, was also present in 
the dry gels but with a significantly smaller proportion. Again, other longer T2 
components were fitted, but with proportions of less than 0.5%. 
The 1 H T2 components measured for the D20 PBS hydrated and dry gels were also 
consistent with those detected in the gels hydrated in H20 PBS. For these H20 gels, 
the longest T2 values measured in each case corresponded reasonably well with the 
(single component) values measured previously at 34.5°C using our own NMR 
spectrometer. Generally, the components for all samples could be classified into three 
major groups, based on the T2 values and their respective proportions. These were 
termed 'short', 'intermediate' and 'long' (see Table 6.6) in reference to the particular 
T2 value. Figure 6.24 is a bar graph plot with a comparison of the proportions of 
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these three T2 components for gels hydrated in H20 PBS, gels hydrated in D20 PBS 
and dry gels of each of the three types. 
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Figure 6.24 Proportions of the T2 components in H20 PBS, D20 PBS and dry samples. 
6.5.3 Discussion 
Overall, the fitting of multi-exponentials was a difficult process, with considerable 
uncertainty remaining as to how many genuine T2 components are present in each 
gel. While some of the components were very small in proportion ( < 1% ), by 
removing them from the fit the residuals were significantly less randomly distributed 
(see examples in Appendix VI). While it can be stated with certainty that there are 2-
3 genuine components in all the gels studied, further work is needed to determine the 
exact number of genuine components and their proportion. However the results of 
this section are (at least) qualitatively valid, since they show large changes in the 
relative proportions of the main components as the gel is dried or hydrated in D20. 
We expect that the proportion of any non-exchangeable protons in D20 PBS hydrated 
gels or dry gels will be significantly increased relative to the same gels fully hydrated 
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in H20 PBS, and this indeed occurs for the shortest component. A corresponding 
reduction should occur for exchangeable protons in the D20 gel case, or water 
protons that can leave the gel during the drying process, in the case of the dry gels. 
For the D20 PBS hydrated gels (Figure 6.24) the significant increase in the 
proportion of the shortest T2 component is evidence that it originates from non-
exchangeable polymer protons. The relatively small proportions of the longest T2 
components as well as their relatively long T2s suggest that they are probably due to 
residual HDO. For the intermediate component, the percentage proportion is similar 
to that in the gel hydrated in H20 PBS, but there is no clear trend as to it increasing, 
decreasing or staying the same when all three gels are considered (see Figure 6.24). 
Hence, no conclusion can be made as to whether these protons have exchanged with 
2H nuclei. It could be speculated that they originate from a strongly bound water 
species, but they could also originate from protons from the more mobile groups on 
the polymer. (eg. hydroxyl groups, methyl groups or polymer chain end groups). 
The dry gel decays were fitted to four components in all cases, but apart from the 
shortest T2 component, the proportions were all extremely small. There was evidence 
(WC > 0%) of a small amount of residual water, which may have come from 
atmospheric humidity. The two longest T2 components had very small proportions ( < 
1-2%), with T2 values of about 5ms and about 50ms for all gels, and were probably 
residual water. The proportion of the intermediate component (T2 ~ 500!ls) was 
reduced in the dry samples. This could be interpreted as implying that it has been 
partially removed from the gel in the drying process, and could therefore originate 
from a water species that exists in a highly bound state, that is not in rapid exchange 
at this temperature. However, this is contrary to the expectation that all water is in 
rapid exchange at temperatures greater than 0°C. A more likely possibility is that it 
originates from more mobile groups on the polymer. 
The reduced proportion of the intermediate component could be explained by a 
decreased T2 for these protons in the dry state, relative to their T2 values in the 
hydrated state. In the H20 and D20 samples, the T2 of mobile polymer groups may be 
essentially unaffected above a certain water content, but in the completely dry state 
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these groups may become more rigid, reducing the T2 to that observed for the short T2 
polymer protons ( ~ 1 00~-ts ). Groups that are still associated with residual water 
molecules may continue to relax with the longer T2, explaining the presence of the 
intermediate T2 component, but with a decreased proportion in the dry gels. 
The shortest T2 component in the dry gels (as for the D20 PBS hydrated gels) is 
significantly increased as a proportion of the total observable proton signal, when 
compared with the H20 gels. This is evidence that this component originates from 
non-exchangeable polymer protons. Solid-like protons are expected to have decays 
which are Gaussian rather than exponential. The fact that the short decays were still 
reasonably well fitted to exponentials may indicate that the protons are from 
relatively mobile groups, even in the dry state. However, because there are so few 
points on the shortest T2 decay it is still possible that these decays could be non-
exponential. From linewidths measured for the broadest spectral component in D20 
samples, the shortest T2 is about 30~-ts (Benz 38). This explains the initial point ofthe 
T2 decay (from the FID, see footnote above). This indicates that even for a CPMG 
interpulse spacing of 50~-ts, we won't see the shortest component. This is further 
evidence that the 1 00-250f..LS component (the short T2 component measured above) 
originates from some of the more mobile groups of the polymer. The polymer 
backbone protons appear to be characterised by short decays of less than 50~-ts, 
although for the higher water content gels, these T2 values may be slightly longer. 
In summary, these results suggest that there are at least three genuine proton T2 
components in the (hydrated) gels studied. There is evidence that the shortest T2 
component originates from relatively labile groups on the polymer. The origin of the 
intermediate component is uncertain, but is most likely to be from the most labile 
polymer groups. However, the possibility of this component originating from highly 
bound and non-exchangeable water protons could not be discounted on the basis of 
these results. The longest component almost certainly corresponds to the gel water 
that was observed in the T2 vs temperature measurements described above (section 
0), as it corresponds well to the measured values for all three gels. We expect it to be 
an average over all water molecules in the gel and the exchangeable polymer 
protons, since they should all be in rapid exchange at this temperature. 
A STUDY OF NMR RELAXATION IN HYDROGELS 173 
6.6 Analysis of the T1 vs Temperature Data 
The temperature dependence of T1 (Figure 6.5), while at first glance seemingly less 
complex than the T2 data (Figure 6.6), proved to be more challenging to model. On 
close examination, it can be seen that the T1 curves of Figure 6.5, (as for T2), are not 
linear on the Arrhenius plot, suggesting that more than one correlation time is 
required to describe the relaxation. 
It was shown in Chapter 5 (section 5.2.2) that for the materials that contained 
exchangeable polymer protons, MT between water and the polymer occurs during z-
storage of magnetisation (for example between the 180° and 90° pulses in a T1 IR 
sequence; see section 2.3 .1 ). This magnetisation is rapidly dispersed across all the 
protons in the polymer by spin diffusion. For T1, the non-exchangeable 
macromolecular protons therefore need to be incorporated into the relaxation model 
for the Benz and IGEL 38 materials. 
For the remaining IGEL materials (as mentioned previously), the T1 curves were still 
well described by a single exponential. That is, the polymer proton signal was not 
observed as a second component. This is because the signal from any short T2 
components (such as polymer protons) will have decayed significantly during the 
lOOf.!s delay following the readout 90° pulse (see section 6.1.1 ). Due to this delay, 
unless there is sufficiently rapid MT between polymer and water protons in the 
hydrogels, the polymer protons effectively do not make a measurable contribution to 
the observed T1• 
This section will describe the application of the proton exchange model to the T1 
data. Due to the complexity of the T1 data, further experiments were found to be 
required in order to fit the data (as will be detailed below). Unfortunately, due to time 
constraints, there was insufficient time to fit the entire data set to the model. 
However, fits to the IGEL 58/67/77 and Benz G-5X samples will be presented that 
describe the data reasonably well, and these will be shown to support the basic 
exchange model. 
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6.6.1 T1 for the IGEL materials 
The approach used in fitting the T1 data was to employ a similar method to that used 
for the T2 data, with as far as possible the same or similar parameters as were 
obtained in fitting the T2 data. Therefore, for fitting of the IGEL T1 data, the approach 
initially adopted for each material was as follows: 
1. For the correlation time describing the slow component of the water motion, the 
same parameters (activation energy, Ebs and Arrhenius coefficient, Tbso) as were 
obtained from the fits to the T2 data, were fixed in modelling TJ. The weighting 
factor (wbs) was also (as for T2) assumed to be 2%. 
2. The correlation time for the fast component of water motion was again assumed 
to be well described by the parameters measured for T1 of free water in PBS (see 
section 6.2.1 ). The Arrhenius behaviour of PBS was shown to be non-linear (see 
Figure 6.1). As an approximation, the results of the (single correlation time) 
linear regression were used to describe the general behaviour of T1 for PBS in this 
temperature range. The corresponding activation energy, Ebf and Arrhenius 
coefficient, TbfD were fixed in the T1 exchange model. As for T2, the weighting 
factor for the fast motion was assumed to be 98%. 
Using these parameters, it was found that the fitted lines for all three IGEL materials 
were offset significantly from the experimental data. It was determined that the fits 
were relatively insensitive to the slow motion (bs) parameters, but were able to be 
altered to describe the data reasonably well by varying the fast motion (bj) 
parameters. Attempts were also made to fit the data using a two-correlation time 
description of the bf parameters (as was shown to fit the PBS T1 data well - see 
Figure 6.1). However, the resulting fits were significantly systematically different 
from the experimental data. In fitting the IGEL materials, the slow motion parameters 
were therefore kept fixed, while the fast motion parameters (described by a single 
correlation time) were free, and set initially to the values for PBS. The results of the 
fits for the three IGEL materials are shown in Figure 6.25, Figure 6.26 and Figure 
6.27 with the fitted parameters shown in Table 6.7. 
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Table 6.7 Fitted Tt parameters for the !GEL materials. 
Gel Name Tbj(J Ebf Tbso Ebs (s) (kJ/mol) (s) (kJ/mol) 
IGEL 58 4.45e-15 24.0 7.50e-18 48.0 
IGEL 67 5.00e-15 23.0 l.OOe-15 41.0 
IGEL 77 3.20e-15 23.0 3.15e-14 32.0 
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Figure 6.25 Arrhenius Tt plot for I GEL 58 with fit to the model. 
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Figure 6.26 Arrhenius Tt plot for I GEL 67 with fit to the model. 
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Figure 6.27 Arrhenius T1 plot for I GEL 77 with fit to the model. 
As shown in the figures, the fits describe the data reasonably well for the IGEL 67 
and IGEL 77 materials over the whole range, although there is some suggestion of a 
small systematic variation between the fit and the data. For the IGEL 58 material, 
however, the fit was only able to describe the data well at higher temperatures. In 
fitting of this material, the lowest four temperature points were neglected (see Figure 
6.27). 
Because the parameters describing the slow component of the water motion (bs) are 
in all cases the same as for the respective T2 fits, they incorporate the same decrease 
in Ebs and corresponding increase in Tbso with EWC as seen in Figure 6.22 and Figure 
6.23 respectively. The values for the fast motion component however, are relatively 
constant across all three materials. 
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6.6.2 T1 for Benz G-SX 
It was found that for the HEMA based Benz and IGEL 38 materials, the T1 behaviour 
could not be modelled adequately by using the same exchange model used for T2, at 
least with the same b and c (exchangeable polymer protons) parameters for each 
material. Since the main difference in the T1 case was that all polymer protons 
contributed, it was thought that additional experiments that had the potential to 
quantifY the polymer contribution were needed. 
6.6.2.1 Polymer proton T1jor Benz G-5X 
In order to directly determine the polymer contribution to the measured spin-lattice 
relaxation times, T1 was measured as a function of temperature for a Benz G-5X 
hydrogel hydrated in D20 PBS. As described above (for multi-component T2 
experiments; see section 6.5), this will effectively remove the contribution to the 1H 
signal from the water. 
The sample was hydrated from the dry state in D20 made up as PBS. It was left to 
equilibrate for a few days initially then exchanged in fresh D20 PBS several times 
after this. T1 was then measured as a function of water content in the range 60 to -
20°C, using the same protocol as for the temperature runs on samples hydrated in 
H20. In all cases, the curves were well fitted to single exponentials, suggesting (as 
expected) that the polymer T1 is averaged over all polymer protons due to rapid spin 
diffusion of longitudinal magnetisation. 
It was found that the polymer T1 data could not be fitted using a single correlation 
time. This suggested, not surprisingly, that there was more than one distinguishable 
motion contributing to the polymer proton T1 relaxation, due to the existence of 
polymer proton species in significantly different motional states. For example side-
chain protons are expected to exhibit different motions from backbone protons or 
methyl protons. Altematively, such behaviour could also be due to anisotropic 
motion of certain polymer protons. However, it was found that the relaxation 
behaviour could be well fitted using just two correlation times. This suggested that 
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protons could be represented by effectively two proton types each with their own 
motion. Whether this was indeed due to two physically distinguishable polymer 
proton 'pools' or whether it was an effective representation of an overall complex 
picture which may include anisotropic motion was unclear. 
Nevertheless, as shown by Figure 6.28, the fit described the data in this temperature 
range reasonably well. The fit parameters are shown in Table 6.8. Also shown in 
Figure 6.28 is the T1 of the individual components (arbitrarily labelled Tic and Tid). As 
shown by these curves, Tic is representative of a motion which shows a transition with 
decreasing temperature (in the BPP description; see Figure 2.2, section 2.2.1) from 
the rapid molecular motion regime (negative slope, corresponding to w01<1) to the 
slow molecular motion regime (positive slope, corresponding to w0 r> 1 ). Tid however, 
exists in the rapid molecular motion regime over the entire temperature range. 
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Figure 6.28 Arrhenius plot of the (D20 PBS hydrated) Benz G-5X polymer Tt with fit line. Individual 
Tt components are shown also. 
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Table 6.8 Tt (polymer) fit parameters for Benz G-5X. 
Parameter Value 
Teo 3.70e-13 s 
Ec 19.2 kJ/mol 
TdO 4.40e-13 s 
Ed 10.0 kJ/mol 
PP 0.47 
6. 6. 2. 2 The T1 exchange model for Benz G-5X 
Having an explicit knowledge of the Benz G-5X polymer T1, the exchange model 
was again used to fit the data. The central equation (see Equation 3.7) is reprinted 
here: 
1 1-pP Pp 
---= + ---'--
~(measured) ~b ~p +rex 
[6.3] 
where the subscript 'p' refers to the polymer. As shown above, T1p is then described 
by two correlation times/T1 values (c and d): 
1 Pc 1- Pc 
-=-+--
~p Tic T,d 
[ 6.4] 
Finally, T1b (water T1) as for T2, is also described by two correlation times: 
1 Wbs wbf 
-=-+-
~b ~bs ~bf 
[ 6.5] 
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In fitting, the polymer proton parameters were fixed to those measured for the D20 
gel. The remaining parameters were initially set to be equal to those fitted to the Benz 
G-5X T2 data, except the bf(water; 'fast' motion) parameters which were set equal to 
those fitted to the T1 data for PBS, using a single correlation time (as for the IGEL 
T1). The proportion of polymer protons (pp) was calculated from the gel formulation 
(see Appendix III for details) It was found that (as for IGEL) the model could be 
made to fit the data reasonably well by freeing up the bf parameters. The fit is shown 
in Figure 6.29 and the fitted parameters are shown in Table 6.9. Attempts were also 
made to model the data using only a single correlation time for the polymer protons, 
and using two correlation times for the fast motion water (bf). However, these fitted 
curves consistently showed significant systematic variation from the experimental 
data. 
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Figure 6.29 Arrhenius plot of Tt for the (H20 PBS hydrated) Benx G-5X with fitted line. 
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Table 6.9 T1 fit parameters for Benz G-5X. The non-exchangeable polymer proton ('c' and 'd' species) 
were fixed to the fitted values shown in Table 6.8. 
Parameter Value 
TbjD 1.08e-15 s 
Ebf 26.0 kJ/mol 
TbsO l.OOe-16 s 
Ebs 40.0 kJ/mol 
TexO l.OOe-8 s 
Eex 35.0 kJ/mol 
PP 0.348 
6.6.3 Observation of the predicted T1 minimum 
As shown by the fits for all four hydrogels (Figures 6.25-6.27 and Figure 6.29) the 
model predicts a minimum in T1 at approximately 230-250K. To determine whether 
this minimum could be observed experimentally, some preliminary measurements 
were made at lower temperatures than were used in the original study. T1 was 
measured for the IGEL 67 and Benx G-5X gels in the temperature range 0°C down to 
-50°C. This data are shown in Figure 6.30 with the respective fits for higher 
temperature shown for comparison. As shown, it was found in both cases that a 
minimum did occur, and that it occurred at approximately 240K (1/T=4.1 % 10-3 K-1) 
for both materials. 
However, significant freezing of water occurred between -20°C and -30°C in both 
gels. This means that the measured T1 recovery at -30°C and lower was due only to 
the non-freezing proportion of water (which became progressively lower as 
temperature decreased) and also (potentially) the polymer protons in the case of Benz 
G-5X. 
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The model is therefore not expected to be valid in this low temperature regime, 
because it does not take account of freezing. Furthermore, if the two correlation times 
that describe the water (bs and bj) do indeed originate from separate proton species 
(and not from anisotropic motion) then the assumption of rapid exchange between 
them will not be valid at sufficiently low temperature. 
For these reasons, the data measured at these low temperatures cannot be expected to 
agree exactly with the model fits at higher temperature. However, the fact that a 
minimum occurs agrees qualitatively with the predicted behaviour. This minimum is 
due to an intrinsic minimum predicted to occur in the bf water species at 
approximately 240K (see Figure 6.31, below). The fact that the data does not show 
better agreement with the model fit lines is not surprising in light of the observed 
freezing of water below -20°C. 
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Figure 6.30 Low temperature Tt data for IGEL 67 (left) and Benz G-5X (right) with high temperature 
fits included for comparison. 
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6.6.4 Discussion 
For the three IGEL materials and the Benz G-5X material, the data was shown to be 
reasonably well fitted using the same model as was used for T2. The slow motion 
water parameters (bs) as well as the exchange parameters (for Benz G-5X) were 
shown to be well fitted to both T2 and T1 data sets. However, there are two 
differences suggested by the fitting. 
In the case of T2, the parameters describing the fast component of motion for the 
hydrogel water (bj) were shown to be effectively the same as those measured for T2 
in bulk PBS (well described by a single correlation time). However, in order to fit the 
hydrogel T1 data, the fast motion correlation time, while similar for all four materials, 
was found to be different from that measured for PBS. In other words (unlike in the 
T2 case), this component of motion (which had a weighting factor of 98%) had to be 
modified relative to that for free water in PBS. This can be seen in Figure 6.31 which 
is a plot of T1 measured for PBS (with the single correlation time fit of Figure 6.1) 
along with Tibffrom the fits for each of the three IGEL materials and Benz G-5X. As 
can be seen, while the activation energies (slopes) are relatively consistent, the 
relaxation times are significantly shifted, corresponding to differences in the 
Arrhenius coefficients of the hydro gels studied. 
The overall behaviour suggests that for the IGEL materials, T1 is largely determined 
by the bf correlation time (faster motion), while the bs correlation time modifies the 
relaxation slightly, to give the non-linearity seen in the data on the Arrhenius plots. 
Figure 6.32 shows T1bs plotted for each of the IGEL and Benz G-5X materials. As 
can be seen, for the IGEL 67/77 materials and over most of the temperature range for 
the Benz G-5X and IGEL 58 materials, the slope is positive, corresponding to the 
slow motion regime ( morb;> 1 ). 
The second difference between the T2 fitting and the T1 fitting (for Benz G-5X) is the 
behaviour of the Arrhenius parameters for the polymer protons. For T2, these 
parameters describe the (effectively isotropic) motion of the hydroxyl protons only, 
which exist on the polymer side-chains. For T1, however, the fitted parameters 
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describe all polymer protons. It is therefore not surprising that the polymer proton 
parameters for T1 and T2 are not the same. The T1 results describe an effective two 
component motion averaged over the entire polymer proton pool. It is not clear what 
motions contribute to this effective two component polymer proton model, but 
possibilities include sidechain 'flip-flop' motions, low frequency backbone motions 
and relatively rapid methyl group rotations. 
In summary, the T1 results for IGEL agree to a first approximation with the T2 
results, in that the relaxation behaviour can be represented by a two component or 
double correlation time model. These correlation times relate to a relatively fast 
motion (98% weighting factor) and a relatively restricted motion (with weighting 
factor 2%). They suggest however (as do the results for Benz G-5X) that the 
relatively fast motion is modified in its behaviour from that of free water. 
The results for Benz G-SX suggest further that for hydrogels which contain 
exchangeable polymer protons, the overall T1 picture is complicated by the 
contribution to the relaxation from the entire polymer proton pool. This suggests that 
T1 results for these materials coupled with T2 measurements can give quantitative 
information about the effective polymer mobility, which might then be shown to be 
related to the average water mobility. These results also support the model presented 
during this work for water-polymer proton MT. That is, that water-polymer proton 
MT is only a significant factor for hydrogels that contain exchangeable polymer 
protons. 
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Figure 6.31 Ttbr vs 1rr for each of the three IGEL materials. 
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6.7 Water Content Dependence of T1, T2 
Measurements of relaxation times T1 and T2 were also carried out as a function of 
water content (at the on-eye temperature of 34.5°C) for each of four commercial 
hydrogel types in order to provide further insight into the way the water binding and 
mobility changes within these hydrogel materials as the ratio of water molecules to 
polymer mass is changed. The materials used were Acuvue, Newvues, Cibasoft and 
Benz 45G (Benz 45G is no longer used as a market name. The material is essentially 
the same as Benz G-3X). 
6.7.1 Results 
Using the methods outlined in section 5.1.2, the water content dependence of T1 and 
T2 was measured for four the hydrogels, listed with their composition and EWCs in 
Table 6.1. Figure 6.33 and Figure 6.34 show T1 and T2 respectively, vs water content 
for the four materials studied. As can be seen, the relaxation times show a behaviour 
analogous to that measured for water as a function of temperature, as described in 
Chapter 2 (see Figure 2.2). There is a minimum in T1, and a corresponding 
'flattening' in the slope of the T2 vs WC plot, both at similar water contents. From the 
Bloembergen, Purcell and Pound (BPP) theory (see section 2.2.1) these features 
should occur when the rotational correlation time (responsible for the relaxation) is 
approximately equal to 0.616 times the resonant frequency mo. In the case of T2, this 
phenomenon is sometimes known as the ten-thirds effect (Abragam, 1983d). 
Table 6.10 The four hydrogels used in the Tt, T2 VS we study. 
Hydrogel Name Composition Nominal EWC at 2(/'C (%wt.lwt.) 
Cibasoft HEMA 37.5 
Newvues HEMA/NVP/MA 55 
Acuvue HEMA/MA 58 
Benz45G HEMA/GMA 45 
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Figure 6.34 T2 vs water content for the four hydrogels studied at 34.5°C. 
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This type of behaviour for a dehydrating hydrogel is not unexpected, since as water 
content decreases, the molecular motions responsible for the relaxation (of both 
water and polymer protons) will become increasingly restricted. Any of these 
motions that have characteristic frequencies ;:::: mo in the fully hydrated hydrogel may 
be slowed as a result of the dehydration process until their average frequency 
becomes comparable to mo. A T1 minimum and corresponding T2 flattening will then 
be observed at the corresponding water content. If the water content is decreased 
further, T1 should then increase (while T2 continues to decrease), as the characteristic 
frequency for the motion is now lower than the Larmor frequency. 
In the case of hydro gels the situation is complicated because of the multiple proton 
species and motions that contribute to the relaxation. For T1, there is a contribution 
from all polymer protons, due to exchange of magnetisation between water protons 
and the entire polymer proton pool (as described in section 6.6.2). In the case of T2, 
the exchangeable polymer protons contribute to the measured relaxation. Therefore, 
for both T1 and T2, the polymer protons will contribute increasingly as water content 
decreases (due to their increasing proportion). Hence, the overall behaviour observed 
in Figure 6.33 and Figure 6.34 is representative of the water content dependencies of 
both the water proton and polymer proton motions. 
However, because the contribution from the individual proton species to the 
relaxation is not known explicitly, it is difficult to determine which molecular 
motions or which protons are responsible for the T1 minimum and/or the T2 
flattening. From the study of T1 vs T for a Benz G-5X hydrogel hydrated in D20, it 
was shown that at least two polymer proton motions were required to effectively fit 
the T1 data for the polymer only. As was shown in Figure 6.28, (for the temperature 
range studied and for the gel in the fully hydrated state) one of these motions 
exhibited molecular motion in the rapid regime (Te-l >> m0). The other showed a 
transition from the slow motion regime to the fast motion regime and hence a 
minimum in T1• If one of the polymer proton motions originated from motion of the 
polymer sidechain, it was unclear whether the other motions originated from more 
mobile protons (for example methyl protons), or less mobile protons (for example, 
main-chain or backbone protons). 
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6. 7.2 Significance of the T1 minimum and the 'ten-thirds effect' for T2 
As can be seen in Figure 6.33, the minimum in T1 occurred at a similar we (13-20%) 
for all four materials. The value of T1 was also approximately the same at this point 
(300ms). These results suggest that at least one of the molecular motions that 
contribute to T1, has a frequency that becomes slower than the resonant frequency 
(with decreasing WC) at a similar WC in all cases. This means that this motion must 
be in the rapid molecular motion regime at wes greater than that corresponding to 
the T1 minimum. 
By examination of the T1 behaviour derived from the modelling of the temperature 
data, it can be seen that at 34.5°C, only the fast water motion (bj) and one of the 
polymer components (d) exist in the rapid motion regime at this temperature. The 
other motions that contributed to T1 (the slower polymer motion (c) and the slow 
water motion (bs)) are expected to lie in the slow molecular motion regime at 
temperatures less than about 40°C. This suggests that either the fast component of the 
water molecular motion or the relatively rapid polymer motions are responsible for 
the minimum in T1 observed in Figure 6.33. However, the fact that there is evidence 
for a 'ten thirds effect' in the T2 vs We data suggests that the effect (in both T1 and 
T2) arises from the fast water molecular motion. This is because the only polymer 
motion that contributes to T2 is that of the hydroxyl protons, which can be shown (for 
all gels, and at all temperatures used) based on fitted parameters (see Table 6.3) to 
exist in the slow molecular motion regime at 34.5°C. 
The fact that the we at which these effects for T1 and T2 occurred was similar in all 
cases reflects the similarity in the basic water binding mechanism of these materials. 
It suggests that the we of the gel is the dominant factor in determining both the water 
and polymer mobilities, although there remains the possibility of genuine, but subtle 
differences existing in this behaviour for gels of different composition. These results 
are consistent with the results of section 6.4.4.2, which showed that the activation 
energies and Arrhenius coefficients for the molecular motions were approximately 
correlated with EWe, regardless of the exact gel composition. They also agree with 
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the results of Chapter 5 for D vs we, which suggested that the We dominated the 
translational mobility (diffusion) of water in the gels. 
6.8 Summary 
The work of this Chapter has shown that the relaxation behaviour of these contact 
lens hydrogels can be well characterised by a proton exchange model that 
incorporates multiple motional correlation times. These correlation times can then be 
related to the average mobilities of (1) the water molecules and (2) the polymer 
chains. The model suggests that the water in these hydrogels can be described by 
either: 
(1) the existence of 'bound' and 'free' water, where the 'free' water is effectively the 
same as free water in PBS, and accounts for 98% of the total water. The 'bound' 
water shows significantly restricted motion relative to the 'free' water, or 
(2) a single water species that is slightly modified in its behaviour relative to the 
behaviour of free water in PBS. This water exhibits slightly anisotropic motion 
that is well described two correlation times, one of which is the same as that 
measured for free water in PBS. 
The results suggest that the average mobility of the water in the hydrogels studied is 
largely dependent on the water content of the gel and increases with increasing we 
toward that of free water in PBS. This general result is in agreement with the findings 
of Roorda and co-workers (Roorda, de Bleyser et al., 1990) who measured T2 for 
HEMA hydrogels hydrated to various Wes. 
CHAPTER 7 
Conclusions and Suggestions for Future 
Work 
7.1 General Conclusions 
7 .1.1 Evaporative study 
In the studies of evaporative water loss from contact lenses in vitro it was found that 
the evaporative behaviour of the commercial contact lenses studied was largely 
determined by the equilibrium water content (EWC). This was seen from plotted 
timecourses of the rate of absolute mass lost from the lens, which showed that the 
time for this rate to decrease to half (the evaporative half-rate time) correlated 
positively with the EWC. This was attributed to diffusion limited evaporation. That 
is, that the potential for a material to dehydrate by evaporation is related to the ability 
of water from within the bulk to diffuse to the surface. In turn, this ability for 
diffusion is related to the EWC. The potential to dehydrate via evaporation at any 
point in the timecourse was directly related to the specific we at that time. 
The inconvenient geometry of the lenses precluded the successful modelling of this 
desorption data using Fickian theory. However, rough estimates of the apparent 
Fickian diffusion coefficient correlated generally with EWC. It was also found that 
presentation of the results as relative mass vs time (as has commonly been used in the 
contact lens literature) can be misleading, and that plotting absolute mass or better 
still, absolute mass evaporative rate is a more easily quantifiable way of presenting 
these results. 
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7.1.2 1H NMR studies of diffusion coefficient 
Using the stimulated echo (STE) pulsed field gradient (PFG) technique, measured 1H 
diffusion coefficients (D(STE)) decreased with increasing z-storage time for 
materials that contained exchangeable polymer protons. (These were hydroxyl 
protons in all cases). For materials which did not contain exchangeable protons, 
D(STE) remained constant with changing z-storage time. It was concluded that this 
effect occurs as a result of magnetisation transfer (MT) effects, which only take 
place to a significant extent in materials that contain exchangeable polymer protons. 
It was therefore concluded that exchangeable polymer protons act as conduits for this 
MT, most likely by transferring magnetisation directly to and from the polymer by 
proton chemical exchange. 
D was measured as a function of EWC (for various hydrogel types) and vs WC (for 
samples of the same type equilibrated at different hydration levels), both at a single 
temperature. The results suggested that D was dependent mainly on the prevailing 
we of the gel, and the results, (plotted as D vs WC), fell approximately on a universal 
curve. Modelling of this data using modified free volume theory confirmed that no 
significant differences could be found in this diffusional behaviour based on polymer 
type or on EWe, and that within experimental error, the current we dominated the 
diffusion coefficient, since the current we alone determined the fractional free 
volume of the gel. 
However, an alternative model based on specific binding suggested that subtle 
differences might exist between different materials, and that these differences could 
be approximately correlated with EWC. In other words, two different materials at the 
same we (but of different equilibrium water content) were predicted to behave 
differently, due to their different water binding properties. This behaviour correlated 
generally with EWe, and this is thought to be due to the generally enhanced 
hydrophilicity of a higher EWe hydrogel. 
These calculated proportions of specifically 'bound' water from the specific binding 
model agreed reasonably well with published DSC 'freezing water' proportions 
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(Mirejovsky, Patel et al., 1993) for similar materials. The specific binding model and 
the exponential behaviour of the data suggested that while the ratio of specifically 
'bound' water to dry polymer mass decreased as we decreased, the proportion of this 
'bound' water relative to the total mass of water increased as we decreased. 
Measurements of the temperature dependence of diffusion coefficient proved that 
the data could not be described using a single Arrhenius activation energy. This 
suggested that the inherent diffusion process was changing with temperature, 
possibly due to the relative temperature dependencies of the thermal motions of the 
polymer and water in the gel. An alternative possibility was that that a change in the 
fractional free volume with temperature could lead to varying activation energy with 
temperature. However, the measured apparent activation energies for diffusion 
obtained from the approximately linear regions of the Arrhenius plot at high/low 
temperatures showed no significant variation between the different materials used. 
7.1.3 NMR study of relaxation 
Measurements of T1 and T2 for a series of commercial contact lens hydrogels at EWe, 
showed that a combination of T1 and T2 was sensitive to polymer type, even for 
materials of different composition, but the same EWC. It also showed that T1 and T2 
generally increased with increasing EWe, suggesting that at a higher EWe, the 
average motional correlation time was shorter (assuming rapid molecular tumbling in 
the BPP description). T1 and T2 were then measured as functions of temperature and 
we for a set of 10 commercial hydro gels in the Benz and IGEL ranges. 
7.1.3.1 Temperature dependence of T2 
It was shown using a water/exchangeable polymer proton exchange model, that T2 
was dominated by chemical exchange between water and exchangeable polymer 
protons for materials that contained these protons (the Benz and IGEL 38 materials). 
The fitted parameters suggested that the water in all the hydrogels studied could only 
be satisfactorily modelled using two correlations times (two molecular motions) 
which were termed 'fast' and 'slow'. It was not entirely clear where these motions 
CHAPTER7 194 
originated from, but they could arise either from the presence of two distinct water 
species (eg. 'bound' and 'free') in fast exchange with each other on the NMR 
timescale, or a single water species that exhibits two distinct motions (anisotropic 
motion). The correlation time for the 'fast' motion corresponded well to that of free 
water in PBS for all the hydrogels. The relative proportions of these two 
contributions were in all cases 98% and 2% for the 'fast' and 'slow' motions 
respectively. 
The behaviour of water averaged over both of these motions approached that of free 
water as EWC increased. For the Benz and IGEL 38 hydrogels, the average molecular 
motion of the exchangeable polymer protons also increased with increasing EWC, as 
did the rate of chemical exchange. It was also found that the chemical exchange rate 
was highly dependent on the ionic concentration of the buffer. 
From this study, it was concluded that the average mobility of the water in these 
hydrogels increased with increasing EWC, with little dependence on the specific 
composition of the polymer. The data were consistent with the fact that only a very 
small proportion of the water exhibits significantly modified motion relative to free 
water, or alternatively, if the data are interpreted in terms of anisotropic motion, that 
the reorientational motion of the hydrogel water is only slightly modified with respect 
to that of bulk water. This suggests that the hydrogel hydrogen bonding network has 
only a minor affect on the overall water mobility. 
7.1.3.2 Temperature dependence of T1 
Although the modelling of the T1 data was not fully completed, fitting of the data for 
IGEL 58/67/77 and Benz G-5X suggested that to a first approximation, the T1 data 
was well described by a similar model to that used for T2. It was shown that the water 
was again described by two distinct motions. In the T1 case, however, the fast water 
motion was modified relative to the behaviour of free water. However, as for T2 the 
motional behaviour of the water was similar for all hydrogels. The parameters 
describing the slow component of water motion were the same as for T2. The T1 data 
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(as for T2) suggest that the average water mobility increases with increasing EWC. 
Further modelling is required to clarify these results. 
It was also found in the case of Benz G-5X, that the entire polymer proton pool 
contributed to the measured T1. This was again due to the presence of exchangeable 
polymer protons, which allowed the transfer of magnetisation between water protons 
and the polymer. Unlike the T2 case, however, the longitudinal storage period in the 
T1 measurement permits the rapid spin diffusion of longitudinal magnetisation 
throughout the polymer proton pool. It was therefore concluded that for materials that 
contain exchangeable polymer protons, the overall T1 has a large contribution from 
the polymer protons, and is therefore representative of the polymer motions to a 
significant degree. 
7.1.3.3 T1 and T2 water content dependence 
From the behaviour of both T1 and T2 as a function of water content (WC) it was 
shown that at least one of the motions contributing to the relaxation had a correlation 
time approximately the same as the NMR frequency (200MHz) at a WC of about 13-
20%. This caused the observed T1 minimum and 'ten-thirds effect' in T2. This 
behaviour means that in the BPP description, this molecular motion is effectively 
rapid at higher WCs and effectively slow at lower WCs. An examination of the 
individual motions contributing to T1 relaxation (based on the T1 vs T modelling) 
suggested that water motion was responsible. 
Overall, the fact that the behaviour was similar for all four materials used in this 
study suggested once again that the specific water content of the hydrogel was the 
dominant factor in determining its relaxation properties, regardless of the particular 
polymer composition. This was thought to be due to the underlying water binding 
mechanism which is similar for all hydrogels studied. 
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7.1.4 Summary 
In summary, the findings of this thesis for the range of commercial hydro gels studied 
suggest that the dominant factor in determining the average water mobility and 
binding is the specific water content of the material. The findings for evaporation, 
diffusion and relaxation were consistently correlated with the water content of the 
material during the measurement. 
These findings suggest that a higher WC material will in general have a higher 
potential to dehydrate both in vitro and in vivo. This concurs with the conventional 
wisdom for dehydration of hydrogel contact lenses on the eye - that higher EWC 
materials generally dehydrate to a more severe extent. 
NMR was shown to be a useful tool for providing a quantitative analysis of the 
intrinsic water molecular behaviour of commercial hydrogels in terms of the average 
rotational and translational motions. NMR relaxation was also shown to provide a 
quantitative description of certain polymer motions also. The findings of this thesis 
provide a solid foundation for future NMR protocols and data analysis/modelling 
related to the study of contact lens hydrogels, and hydrogels in general. 
7.2 Future work 
Future work in this area will provide further evidence of the validity of the 
correlations found in this work, particularly those which suggest that water content 
dominates the water behaviour in these materials, and not the specific polymer 
composition. 
The materials used in this study were from commercially available ranges, and were 
picked predominantly based on availability. The results are therefore directly relevant 
to the contact lens industry today. However, a study using a custom designed, more 
controlled set of materials will allow a better appreciation of what polymer 
components (if any) affect the water behaviour and in what way. A study using a 
wider range of compositions would also help to show whether the water content truly 
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dominates, or whether subtle differences can be found based on polymer 
composition, structure or cross-link density. Such studies are ongoing in this 
laboratory. 
Future work is also needed in developing the models further. Specifically, 
comprehensive modelling ofthe T1 temperature data will give a better overall picture 
of the water behaviour, by complementing the results for T2• This will give a clearer 
picture as to the extent to which the mobility of water in the hydrogel is modified 
relative to that of free water, by the hydrogen bonding network. T1 modelling will 
also give quantitative information about the polymer motions/mobilities, which could 
then be correlated with EWC and/or composition. 
Further diffusion studies, particularly using a custom designed materials, in which 
the polymer composition is varied sytematically, might also help to clarify the 
relative merits and range of validity of the specific binding and modified free volume 
models. For example, studies of polymers with varying cross-linking density (but 
same composition) may show differences in the effective free volume, and therefore 
diffusion coefficient. The diffusional behaviour of different hydrogels can also be 
analysed using the specific binding model to determine if the behaviour agrees with 
the trends observed to date using that model. 
Ultimately, NMR studies like this might be used with novel materials to identify 
'outlying' or anomalous materials which show significant deviation from generally 
predicted behaviour in terms of T1, T2 or D. Such materials may have the potential to 
behave significantly better (or conversely, worse) than the current range of 
commercial hydrogels in terms of dehydration on the eye. 
APPENDIX I 
Hydrogel Formulae 
Table A1.1 Hydrogels used in this work and formulations based on patent literature. 
HYDROGEL FORMULAE A2 
77 75 25 
Cibasoft 37.5 100 
SeeQuence 2 38.6 100 
Newvues* 55 78.2 1.2 20 
Acuvue* 58 97 2 
* These formulae are as accurate as possible, based on known constituent monomers 
and formulae given in the patent literature. The exact cross-linker and its proportion 
was not known in all cases, however, for the Benz G materials, the cross-linker used 
was 2,2-azobis(2,4-dimethylvaleronitrile), with proportion 0.06%. Typical cross-
linker proportions for contact lens hydrogels are less than 1% (Benz and Orrs, 1996). 
#(Loshaek and Shen, 1979, Howes, Selway et al., 1977, Patel and DaCosta, 1982) 
$(Benz and Orrs, 1996) 
APPENDIX II 
Commercial Contact Lens Specifications 
Table A2.1 Commercial contact lenses/contact len materials cited in this thesis with their 
respective EWCs, constituent monomers and FDA classifications. (HEMA=hydroxyethyl 
methacrylate, MA=methacrylic acid, NVP=n-vinyl pyrrolidone, GMA=glycerol methacrylate, 
MMA=methyl methacrylate, MHPM=methoxy hydroxypropyl methacrylate, DAA=diacetone 
acrylamide) 
Lens Name EWC Composition* FDA Group 
Acuvue 58 HEMA/MA 4 
B&L Soflens 38 HEMA 1 
B&L 70 70 NVP/MMA 2 
Benz 38 38 HEMA 
Benz 45 45 HEMA/NVP 1 
Benz 55 55 HEMA/NVP 2 
Benz G-3X 45 HEMA/GMA 
Benz G-5X 58 HEMA/GMA 2 
Benz G-7X 69 HEMA/GMA 2 
Cibasoft 37.5 HEMA 
Durasoft 2 38 HEMA/EEMA/MA 1 
Durasoft 3 45 HEMA/EEMA/MA 
Gelflex 60$ 60 HEMA/MMA 2 
Hydrocurve ll-45t 45 HEMA/DAA 3 
Hydrocurve ll-55t 55 HEMA/DAA 4 
Hydron Z 67$ 67 MMA/NVP 2 
Hydron Zero 6 38.6 HEMA 
COMMERCIAL CONTACT LENS SPECIFICATIONS A4 
IGEL 38 38 HEMA 1 
IGEL 58 58 MMA/NVP 2 
IGEL 67 67 MMA/NVP 2 
IGEL 77 77 MMA/NVP 2 
Newvues 55 HEMA/NVP/MA 4 
Permalens 71 HEMA/NVP/MA 4 
Permathin 42.5 HEMA 
Preclear uncertain Omofilcon A 2 
t Sauflon· 79 NVP/MMA 2 
SeeQuence 2 38.6 HEMA 
Snoflex 50$ 52.5 MMA/NVP/MHPM 2 
Vista marc 53# HEMA/MA 4 
* These compositions are as accurate as possible based on commonly quoted and 
accepted compositions in the literature. Cross-linker monomers have not been 
included. 
#As measured by Mirejovsky eta!. (Mirejovsky, Patel eta!., 1993) 
$As quoted by Larsen eta!. (Larsen, Huff eta!., 1990) 
t As quoted by Tighe (Tighe, 1989) 
APPENDIX III 
Calculations 
Table A3.1 Calculation of p (=number of water protons/total number of protons) for Benz and !GEL 
38 hydrogels for correction of stimulated echo diffusion coefficient at long z-storage time. (After 
Peschier (Peschier, Bouwstra et a!., 1993); see section 5.2.1 ). HEMA=hydroxyethyl methacrylate; 
GMA=glycerol methacrylate. 
Gel Name 
IGEL 38 
Benz 38 
Benz G-3X 
Benz G-5X 
Benz G-7X 
Mass Fractions of 
Components 
Water HEMA GMA 
0.383 0.617 
0.371 0.629 
0.479 0.406 0.115 
0.584 0.189 0.227 
0.736 0.027 0.237 
Mole Fractions of Protons in 
Each Component 
Water HEMA GMA 
0.473 0.527 0.000 
0.460 0.540 0.000 
0.572 0.336 0.092 
0.673 0.150 0.177 
0.805 0.020 0.175 
p 
0.473 
0.460 
0.572 
0.673 
0.805 
CALCULATIONS A6 
Table A3.2 Calculation of p (=number of water protons/total number of protons) for Benz 45 and Benz 
55 hydrogels for correction of stimulated echo diffusion coefficient at long z-storage time. (After 
Peschier (Peschier, Bouwstra et a/., 1993); see section 5.2.1). HEMA=hydroxyethyl methacrylate; 
NVP=n-vinyl pyrrolidone. 
Gel Name 
Benz 45 
Benz 55 
Mass Fractions of 
Components 
Water HEMA NVP 
0.461 0.9 0.1 
0.586 0.8 0.2 
Mole Fractions of Protons in 
Each Component 
Water HEMA NVP 
0.551 0.402 0.0470 
0.669 0.262 0.0690 
p 
0.551 
0.669 
Table A3.3 Calculation of p (=number of water protons/total number of protons) for Acuvue hydrogel 
for correction of stimulated echo diffusion coefficient at long z-storage time. (After Peschier (Peschier, 
Bouwstra eta/., 1993); see section 5.2.1 ). HEMA=hydroxyethyl methacrylate; MA=methacrylic acid. 
Gel Name 
Acuvue 
Mass Fractions of 
Components 
Water HEMA MA 
0.607 0.382 0.008 
Mole Fractions of Protons in 
Each Component 
Water HEMA MA 
0.692 0.302 0.006 
p 
0.691 
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Table A3.4 Calculation of proportion of water specifically bound (pwb) as a function of WC for Benz 38 
using calculated A values from specific binding fits (see section 5.3.3). 
we X A Pwb 
(%) (=(100- (=mwJmp) (=mwJmw) WC)/WC) 
38.0 1.63 0.350 57.1 
37.5 1.67 0.346 57.6 
33.3 2.00 0.310 62.0 
30.8 2.25 0.288 64.7 
28.6 2.50 0.268 67.1 
26.7 2.75 0.251 69.1 
25.0 3.00 0.237 71.0 
23.5 3.25 0.223 72.6 
22.2 3.50 0.212 74.0 
21.1 3.75 0.201 75.3 
20.0 4.00 0.191 76.5 
19.0 4.25 0.183 77.6 
18.2 4.50 0.175 78.6 
17.4 4.75 0.167 79.5 
16.7 5.00 0.161 80.3 
16.0 5.25 0.154 81.1 
15.4 5.50 0.149 81.8 
14.8 5.75 0.143 82.4 
14.3 6.00 0.138 83.0 
CALCULATIONS AS 
Table A3.5 Calculation of proportion of water specifically bound (pwb) as a function of WC for Benz G-
5X using calculated A values from specific binding fits (see section 5.3.3). 
we X A Pwb 
(%) (=(100- (=mwJmp) (=mwJmw) WC)/WC) 
58.0 0.72 0.580 42.0 
55.0 0.82 0.550 45.0 
50.0 1.00 0.500 50.0 
44.4 1.25 0.444 55.5 
40.0 1.50 0.400 60.0 
38.6 1.59 0.386 61.4 
38.0 1.63 0.380 62.0 
37.5 1.67 0.375 62.5 
33.3 2.00 0.333 66.7 
30.8 2.25 0.308 69.2 
28.6 2.50 0.286 71.4 
26.7 2.75 0.267 73.3 
25.0 3.00 0.250 75.0 
23.5 3.25 0.235 76.5 
22.2 3.50 0.222 77.8 
21.1 3.75 0.211 78.9 
20.0 4.00 0.200 80.0 
19.0 4.25 0.190 80.9 
18.2 4.50 0.182 81.8 
17.4 4.75 0.174 82.6 
16.7 5.00 0.167 83.3 
16.0 5.25 0.160 84.0 
15.4 5.50 0.154 84.6 
14.8 5.75 0.148 85.2 
14.3 6.00 0.143 85.7 
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Table A3.6 Calculation of proportion of water specifically bound (pwb) as a function of WC for Benz 55 
using calculated A values from specific binding fits (see section 5.3.3). 
we X A Pwb 
(%) (=(100- (=mwJmp) (=mwJmw) WC)/WC) 
55.0 0.82 0.570 46.6 
50.0 1.00 0.516 51.6 
44.4 1.25 0.457 57.2 
40.0 1.50 0.410 61.6 
38.6 1.59 0.396 62.9 
38.0 1.63 0.389 63.5 
37.5 1.67 0.384 64.0 
33.3 2.00 0.341 68.1 
30.8 2.25 0.314 70.6 
28.6 2.50 0.291 72.8 
26.7 2.75 0.271 74.6 
25.0 3.00 0.254 76.2 
23.5 3.25 0.239 77.6 
22.2 3.50 0.225 78.9 
21.1 3.75 0.213 80.0 
20.0 4.00 0.203 81.0 
19.0 4.25 0.193 81.9 
18.2 4.50 0.184 82.8 
17.4 4.75 0.176 83.5 
16.7 5.00 0.168 84.2 
16.0 5.25 0.162 84.9 
15.4 5.50 0.155 85.5 
14.8 5.75 0.150 86.0 
14.3 6.00 0.144 86.5 
CALCULATIONS AlO 
Table A3.7 Calculation of proportion of water specifically bound (pwb) as a function of WC for IGEL 58 
using calculated A values from specific binding fits (see section 5.3.3). 
we X A Pwb 
(%) (=(100- (=mwtlmp) (=mwtlmw) WC)IWC) 
58.0 0.72 0.626 45.4 
55.0 0.82 0.591 48.4 
50.0 1.00 0.534 53.4 
44.4 1.25 0.471 58.9 
40.0 1.50 0.421 63.2 
38.6 1.59 0.406 64.6 
38.0 1.63 0.399 65.2 
37.5 1.67 0.394 65.6 
33.3 2.00 0.348 69.6 
30.8 2.25 0.320 72.1 
28.6 2.50 0.297 74.1 
26.7 2.75 0.276 75.9 
25.0 3.00 0.258 77.5 
23.5 3.25 0.243 78.8 
22.2 3.50 0.229 80.0 
21.1 3.75 0.216 81.1 
20.0 4.00 0.205 82.1 
19.0 4.25 0.195 83.0 
18.2 4.50 0.186 83.8 
17.4 4.75 0.178 84.5 
16.7 5.00 0.170 85.1 
16.0 5.25 0.163 85.7 
15.4 5.50 0.157 86.3 
14.8 5.75 0.151 86.8 
14.3 6.00 0.146 87.3 
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Table A3.8 Calculation of proportion of water specifically bound <Pwb) as a function of WC for I GEL 67 
using calculated A values from specific binding fits (see section 5.3.3). 
we X A Pwb 
(%) (=(100- (=mwdmp) (=mwdmw) WC)/WC) 
67.0 0.49 0.834 41.1 
58.0 0.72 0.699 50.6 
55.0 0.82 0.656 53.7 
50.0 1.00 0.586 58.6 
44.4 1.25 0.511 63.9 
40.0 1.50 0.453 68.0 
38.6 1.59 0.435 69.3 
38.0 1.63 0.428 69.8 
37.5 1.67 0.421 70.2 
33.3 2.00 0.370 73.9 
30.8 2.25 0.338 76.1 
28.6 2.50 0.312 78.0 
26.7 2.75 0.289 79.6 
25.0 3.00 0.270 80.9 
23.5 3.25 0.253 82.1 
22.2 3.50 0.238 83.2 
21.1 3.75 0.224 84.2 
20.0 4.00 0.212 85.0 
19.0 4.25 0.202 85.8 
18.2 4.50 0.192 86.4 
17.4 4.75 0.183 87.1 
16.7 5.00 0.175 87.6 
16.0 5.25 0.168 88.1 
15.4 5.50 0.161 88.6 
14.8 5.75 0.155 89.1 
14.3 6.00 0.149 89.5 
CALCULATIONS A12 
Table A3.9 Calculation of proportion of water specifically bound <Pwb) as a function of WC for Cibasoft 
using calculated A values from specific binding fits (see section 5.3.3). 
we X A Pwb 
(%) (=(100- (=mwJmp) (=mwJmw) WC)/WC) 
37.5 1.67 0.336 56.0 
33.3 2.00 0.302 60.4 
30.8 2.25 0.281 63.2 
28.6 2.50 0.263 65.6 
26.7 2.75 0.246 67.7 
25.0 3.00 0.232 69.6 
23.5 3.25 0.219 71.3 
22.2 3.50 0.208 72.8 
21.1 3.75 0.198 74.1 
20.0 4.00 0.188 75.3 
19.0 4.25 0.180 76.4 
18.2 4.50 0.172 77.5 
17.4 4.75 0.165 78.4 
16.7 5.00 0.158 79.2 
16.0 5.25 0.152 80.0 
15.4 5.50 0.147 80.8 
14.8 5.75 0.142 81.5 
14.3 6.00 0.137 82.1 
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Table A3.1 0 Calculation of proportion of water specifically bound (pwb) as a function of WC for 
SeeQuence 2 using calculated A values from specific binding fits (see section 5.3.3). 
we X A Pwb 
(%) (=(100- (=mwJmp) (=mwJmw) WC)/WC) 
38.6 1.59 0.375 59.7 
38.0 1.63 0.370 60.3 
37.5 1.67 0.365 60.8 
33.3 2.00 0.325 65.1 
30.8 2.25 0.301 67.7 
28.6 2.50 0.280 69.9 
26.7 2.75 0.261 71.9 
25.0 3.00 0.245 73.6 
23.5 3.25 0.231 75.2 
22.2 3.50 0.219 76.5 
21.1 3.75 0.207 77.7 
20.0 4.00 0.197 78.8 
19.0 4.25 0.188 79.8 
18.2 4.50 0.179 80.7 
17.4 4.75 0.172 81.6 
16.7 5.00 0.165 82.3 
16.0 5.25 0.158 83.0 
15.4 5.50 0.152 83.7 
14.8 5.75 0.147 84.3 
14.3 6.00 0.141 84.8 
CALCULATIONS A14 
Table A3.11 Calculation of proportion of water specifically bound (pwb) as a function of WC for 
Newvues using calculated A values from specific binding fits (see section 5.3.3). 
we X A Pwb 
(%) (=(100- (=mwJlmp) (=mwilmw) WC)/WC) 
55.0 0.82 0.588 48.1 
50.0 1.00 0.531 53.1 
44.4 1.25 0.469 58.6 
40.0 1.50 0.420 62.9 
38.6 1.59 0.404 64.3 
38.0 1.63 0.398 64.9 
37.5 1.67 0.392 65.4 
33.3 2.00 0.347 69.4 
30.8 2.25 0.319 71.8 
28.6 2.50 0.296 73.9 
26.7 2.75 0.275 75.7 
25.0 3.00 0.258 77.3 
23.5 3.25 0.242 78.6 
22.2 3.50 0.228 79.8 
21.1 3.75 0.216 80.9 
20.0 4.00 0.205 81.9 
19.0 4.25 0.195 82.8 
18.2 4.50 0.186 83.6 
17.4 4.75 0.178 84.3 
16.7 5.00 0.170 85.0 
16.0 5.25 0.163 85.6 
15.4 5.50 0.157 86.2 
14.8 5.75 0.151 86.7 
14.3 6.00 0.145 87.2 
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Table A3.12 Calculation of proportion of water specifically bound (pwb) as a function of WC for Acuvue 
using calculated A values from specific binding fits (see section 5.3.3). 
we X A Pwb 
(%) (=(100- (=mwtlmp) (=mwtlmw) WC)/WC) 
58.0 0.72 0.612 44.3 
55.0 0.82 0.580 47.4 
50.0 1.00 0.526 52.6 
44.4 1.25 0.467 58.3 
40.0 1.50 0.419 62.9 
38.6 1.59 0.404 64.3 
38.0 1.63 0.398 65.0 
37.5 1.67 0.393 65.5 
33.3 2.00 0.349 69.7 
30.8 2.25 0.321 72.3 
28.6 2.50 0.298 74.6 
26.7 2.75 0.278 76.5 
25.0 3.00 0.261 78.2 
23.5 3.25 0.245 79.7 
22.2 3.50 0.231 81.0 
21.1 3.75 0.219 82.1 
20.0 4.00 0.208 83.2 
19.0 4.25 0.198 84.1 
18.2 4.50 0.189 85.0 
17.4 4.75 0.181 85.8 
16.7 5.00 0.173 86.5 
16.0 5.25 0.166 87.2 
15.4 5.50 0.160 87.8 
14.8 5.75 0.154 88.3 
14.3 6.00 0.148 88.9 
CALCULATIONS Al6 
Table A3.13 Calculation of Pc (=number of hydroxyl protons/total number of exchangeable protons) for 
Benz and IGEL 38 hydrogels for fitting of T2 data. HEMA=hydroxyethyl methacrylate; GMA=glycerol 
methacrylate. 
Mass Fractions of Mole Fractions of 
Components Exchangeable Protons 
Gel Name Water HEMA GMA Water HEMA GMA Pc 
IGEL 38 0.378 0.622 0.898 0.102 0.102 
Benz 38 0.347 0.653 0.885 0.115 0.115 
Benz G-3X 0.439 0.437 0.124 0.909 0.063 0.029 0.091 
Benz G-5X 0.561 0.199 0.240 0.932 0.023 0.045 0.068 
Benz G-7X 0.745 0.026 0.229 0.964 0.002 0.033 0.036 
Table A3.14 Calculation of Pc (=number of hydroxyl protons/total number of exchangeable protons) for 
Benz and IGEL 38 hydrogels for fitting of T2 data. HEMA=hydroxyethyl methacrylate; NVP=n-vinyl 
pyrrolidone. 
Gel Name 
Benz 45 
Benz 55 
Mass Fractions of 
Components 
Water HEMA NVP 
0.461 0.9 0.1 
0.586 0.8 0.2 
Mole Fractions of 
Exchangeable Protons 
Water HEMA Pc 
0.905 0.095 0.095 
0.931 0.069 0.069 
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Phosphate Buffered Saline Formula 
Table A4.1 Formulation of the phosphate buffered saline (PBS) used for hydrating all 
materials used in this study. 
Constituent 
Distilled water 
NaCI 
Amount 
1L 
8.3g 
0.406g 
2.376 
APPENDIXV 
Blink Model Supplement 
A5.1 Limitations of Contact Lens in vitro Evaporation/ 
Rehydration Data in Predicting On-Eye Water Loss 
AS.l.l Introduction 
Comprehensive data for measurements of both evaporative water loss and 
rehydration via swelling for a set of materials is rare in the literature. Benz Research 
& Development performed such measurements on a set of their own contact lens 
hydrogel materials (Benz, 1993). It was decided to combine these data to model the 
water loss and imbibition, which might occur during repeated blink cycles on the eye. 
The calculations model the timecourse for in vitro dehydration based on estimates of 
(i) normal blink frequency and (ii) normal break-up time for the tear film on the 
anterior lens surface. The model assumes that on-eye lens dehydration is attributed 
solely to evaporation from the dry, front lens surface after the tears break up. It also 
assumes that the process whereby a lens is rehydrated is via swelling from the 
aqueous tear layer after a blink. 
A5.1.2 Methods 
Based on the published evaporative dehydration timecourses for 4 different Benz 
contact lenses of identical design, linear regressions were performed to calculate a 
dehydration rate (Figure AS .1 ). The lens materials were of identical thickness and 
diameter and are listed in Table A5.1. These timecourses were plotted as relative lens 
mass(%) vs time, for dehydration down to 90% of the original (fully hydrated) mass. 
The Benz data were gathered at 35°C. Knowing the (linear) rate of dehydration the 
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absolute amount of dehydration over a known time after tear break up could be 
calculated, for a lens of any hydration in that range. 
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Figure A5.1 Evaporative behaviour for four contact lens materials of identical hydrated thickness and 
diameter (after Benz, 1993 (Benz, 1993)). 
The rehydration curves published by Benz (Benz, 1993) (Table A5.1) were measured 
for the same relative mass range, but are not linear. The data were observed to be 
consistent with the following logarithmic relationship: 
Relative Mass = m * ln(Time) + b [ 4.1 ] 
where m and b are constants. This equation was fitted to the data sets (see Table 
A5.1), and the constants m and b were extracted. This enabled calculation of the 
expected rehydration that would occur between any two times (that are accounted for 
in the rehydration timecourse ), for a lens with known initial hydration immersed in 
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borate buffered saline. The fits were good for both dehydration and rehydration data, 
with the linear regressions giving R2 values of no less than 0.96 in all cases. 
Table A5.1 Materials modelled. HEMA = hydroxyethyl methacrylate; NVP = N-vinyl pyrrolidone; GMA = 
glycerol methacrylate. (Note: The current HEMA/GMA range of the Benz materials have now been 
renamed. The Benz 55G and Benz 70G materials are the same, or virtually identical to the currently 
marketed Benz G-5X and Benz G-7X materials, which will be referred to in later chapters of this 
thesis). 
Lens Name Composition EWC(%) 
Benz 38 HEMA 
Benz 55 HEMA/NVP 
Benz 55G HEMA/GMA 
Benz 70G HEMA/GMA 
As initial estimates, the blink frequency was taken to be 1 blink per 6s. (1 0 blinks per 
minute) and the tear break up time (equal to the rehydration period) was estimated to 
be 5s. It was also assumed for simplicity, that at the break up time, the front surface 
of the lens is completely devoid of tears. This creates a theoretical dehydration period 
of 1 s. These blink frequencies, break up times, and calculated dehydration periods 
could then be altered in the calculations to simulate extremes of expected blink 
behaviour, as well as to simulate the expected blink behaviour during specific tasks, 
such as watching a computer monitor or oncoming car at a traffic intersection, for 
more extended periods. 
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Figure A5.2 Rehydration behaviour for four contact lens materials of identical hydrated thickness and 
diameter (after Benz, 1993 (Benz, 1993)). 
From the fits of the data sets, the relative lens mass was then iteratively calculated as 
it cycles between alternate periods of rehydration and dehydration, until a steady state 
mass (and water content) was reached. Each cycle comprised: 
• An initial 'wet' rehydration period Ctwet), which is the time for break up of the tear 
fluid layer on the anterior surface of the lens, due to evaporative drying. 
• A lens dehydration period (tdry), equal to the open eye period minus the tear break 
up time. 
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• A blink (assumed to be instantaneous) which reforms the tear layer on the lens 
surface. 
Note: Three assumptions are made: 1) The open eye period (in seconds)= fwet+ tdry· 
As stated above, fwet = 5 seconds and tdry = 1 second for our calculations. 2) Fluid 
loss is entirely by evaporation across the front lens surface after break up of tears. 3) 
Fluid imbibition is across both lens surfaces during the period preceding tear break 
up. 
A5.1.3 Results and Discussion 
The data of Figure A5.3 were generated iteratively using the dehydration and 
rehydration data sets. Relative lens mass was calculated for each rehydration and 
dehydration period over time as outlined above. As expected, the relative mass of 
each lens eventually reaches an equilibrium value when (assuming that the interblink 
period and tear film break up time are constants) the amount of fluid lost to 
evaporation during a drying period (tdry) is equal to the amount of water re-imbibed 
during the wet period Ctwet). 
For the four lens materials to which the model has been applied, equilibrium on-eye 
hydration is observed to occur after about 60-100min, as shown in Figure A5.3. This 
is in good agreement with clinical data where dehydration of lenses reaches a steady 
state in 60 to 120min. (Efron, Brennan et al., 1987). However, in contrast to common 
clinical findings, the lowest water content lens dehydrates most in this model. 
Clinical dehydration data are not available for these lens materials, so the correlation 
between the predicted results and on-eye performance is unknown. 
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Figure A5.3 Combined in vitro dehydration and rehydration data, (expressed as a percentage of the 
fully hydrated lens mass) for four contact lens materials of identical hydrated thickness and diameter. 
The model assumes 10 blinks/minute and a pre-lens break up time of 5 seconds. 
Figure A5.4 re-graphs the data of Figure A5.3 as water content vs time for the same 4 
lenses, allowing a better comparison with the clinical literature. The HEMA based 
Benz 38 lens is predicted to lose about 6% water content, while the highest water 
content Benz 70G lens would be expected to lose less than 1% water content. The 
Benz 55G lens would equilibrate to about 53 - 54% water, and the Benz 55 lens 
containing n-vinyl pyrrolidone would lose slightly more. Historically, the clinical 
literature would suggest that a 38% water content HEMA lens will dehydrate down 
to 32 - 36% water content on the eye (depending on its thickness); higher water 
content lenses of similar design would be expected to dehydrate even more. 
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Unfortunately, clinical data are not available for these materials to substantiate this 
expectation. Considering the hydrogen bonding properties of GMA/HEMA materials, 
it is tenable that they are better at binding or 'structuring' water, but the findings for 
Benz 38 and Benz 55 do not agree with the clinical expectations, as discussed below. 
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Figure A5.4 Combined in vitro dehydration and rehydration data (expressed as lens water content) 
for four contact lens materials of identical hydrated thickness and diameter. Model assumes 10 
blinks/minute and a pre-lens break up time of 5 seconds. 
Figure A5.5 shows the result of varying the blink rate and tear break up time, for 
Benz 38 and Benz 70G, respectively. The four series on each graph represent four 
different combinations of the wet and dry periods, fwet and fdry· The first series is for 
the initial conditions (twet=5s, tdry =Is), used above. The second series assumes the 
same blink rate, but a reduced tear break up time of 4.5s (ie. fwet=4.5s, tdry=l.5s), 
while the third series has a decreased blink rate (8 blinks per minute) with the same 
tear break up time as the first series (twet=5s, tdry=2.5s). The last series has fwet=4.5s, 
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tdry=3s. The rank order for the rate and degree of dehydration that occurs between the 
4 lenses for each of the above four cases was identical, so all four materials are not 
shown in Figure A5.5. The Benz 38 lens still dehydrates the most, and the Benz 70G 
lens dehydrates the least. However, the exact rate and final water content reached for 
each of the lenses is seen to vary significantly as a function of fwet and tdry· 
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Figure A5.5 Combined in vitro dehydration and rehydration data expressed as % water content for 
Benz 38 and Benz 70G contact lens materials of identical hydrated thickness and diameter. 1) Model 
assumes 10 blinks/minute (bpm) and a pre-lens break up time (tbu) of 5 seconds, 2) Model assumes 
10 blinks/minute and a pre-lens break up time of 4.5 seconds, 3) Model assumes 8 blinks per minute 
and a pre-lens breakup time of 5 seconds, 4) Model assumes 8 blinks per minute and a pre-lens 
break up time of 4.5 seconds. 
As can be seen in Figure A5.5, the effect of decreasing the blink rate and/or 
decreasing the tear break up time is to decrease the level of equilibrium hydration, and 
also to slightly increase the rate of dehydration, for each of the four lens types. 
A5.1.4 Limitations of the Model 
Considering the general clinical observation that high water content hydrogel lenses 
dehydrate to a greater extent than low water content lenses of similar design, on-eye 
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dehydration cannot purely be explained by a 35°C evaporative/imbibition model 
using saline. There are several limitations of the model and the way the data is 
presented, which could contribute to discrepancies between it, and on-eye data. 
Firstly, findings in the literature suggest that evaporation cannot solely explain 
contact lens water loss on the eye (see section 1.3.2). For example, the temperature 
dependency of dehydration was not taken into account in our model. The model 
assumes that the lenses are already at ocular temperature before they are placed on 
the eye, but as discussed in Chapter 1, hydro gels will dehydrate as temperature 
increases (Fatt and Chaston, 1980, Efron and Brennan, 1987). Secondly, a component 
lacking in the current model is the exact composition of the tears. The in vitro data 
may differ from that found on eye (in part) because the ionic strength, pH and 
osmotic strength of water in saline could differ considerably from the tears. 
Lastly, the Benz method of plotting relative lens mass vs time, may be misleading 
and could introduce dry polymer density dependencies of the relative mass 
evaporative behaviour, since the total mass of the hydrated lenses will be dependent 
on the dry polymer density (sine the thicknesses were constant). An analysis of the 
absolute mass evaporation data may lead to a better understanding of the observed 
behaviour and limitations of the blink model (see Chapter 4). 
In future, perhaps experimental data on the effects of tear composition and ocular 
surface temperature could be incorporated into the in vitro models. The acute 
temperature effects can be modelled and accounted for prior to dehydration studies, 
as discussed by Efron and Brennan (Efron, Brennan et al., 1987), and the 
dehydration/rehydration kinetics should perhaps be examined in solutions of proteins 
and lipids which better mimic tears. Then, perhaps in vitro lens hydration and 
dehydration data will enable better prediction of on-eye dehydration behaviour. 
APPENDIX VI 
Sample Data and Fits 
A6.1 Diffusion Coefficient (SE) 
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Figure A6.1 Sample plots of echo attenuation as a function of gradient increment, as measured by the 
pulsed field gradient (PFG) spin echo (SE) method for Benz G-5X (top left), !GEL 58 (bottom left), 
Benz 55 (top right) and Benz G-7X (bottom right), at 20°C, fully hydrated. Fits were based on the 
Stejskal-Tanner equation for a single component (see Chapter 2) with two free parameters: S(O) (echo 
amplitude at time zero) and D (diffusion coefficient). As shown, the echo amplitudes extend to < 2-3% 
at the last few data points. 
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A6.2 Diffusion Coefficient (STE) 
A6.2.1 IGEL 67 
100 100 
80 z-storage time = 2 ms 80 z-storage time = 400 ms 
Ql S(O) = 82.5 Ql S(O) = 94.8 
"0 D = 8.71 x 1 o-10 m2/s "0 D = 8.58 x 1 o·
10 m2/s 
::::l 60 ::::l 60 
:!: :!: 
c. c. 
E 40 E 40 
< < 
0 0 
J:: 20 J:: 20 (.) (.) 
w w 
0 0 
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 
Gradient Step Gradient Step 
120 120 
100 z-storage time = 1 00 ms 100 z-storage time = 2000 ms 
Ql S(O) = 99.4 Ql S(O) = 101.3 
"0 80 D = 8.72 x 10'10 m2/s "0 80 D = 8.49 x 1 o·10 m2/s 
:2 ::::l :!: 
c. 60 c. 60 
E E 
< 40 < 40 0 0 
J:: J:: 
(.) 20 (.) 20 w w 
0 0 
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 
Gradient Step Gradient Step 
Figure A6.2 Sample plots of echo attenuation as a function of gradient increment, as measured by the 
pulsed field gradient (PFG) stimulated echo (STE) method for I GEL 67, as a function of z-storage time. 
Z-storage time = 2ms (top left), 100ms (bottom left), 400ms (top right) and 2000ms (bottom right), at 
20°C, fully hydrated. Fits were based on the Stejskai-Tanner equation for a single component (see 
Chapter 2) with two free parameters: S(O) (echo amplitude at time zero) and 0 (diffusion coefficient). 
As shown, the echo amplitudes extend to < 2-3% at the last few data points. Note that for IGEL 67, 
D(STE) is relatively constant over a large range of z-storage times. 
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A6.2.2 Benz G-7X 
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Figure A6.3 Sample plots of echo attenuation as a function of gradient increment, as measured by the 
pulsed field gradient (PFG) stimulated echo (STE) method for Benz G-7X, as a function of z-storage 
time. Z-storage time = 2ms (top left), 100ms (bottom left), 400ms (top right) and 2000ms (bottom 
right), at 20°C, fully hydrated. Fits were based on the Stejskal-Tanner equation for a single component 
(see Chapter 2) with two free parameters: S(O) (echo amplitude at time zero) and 0 (diffusion 
coefficient). As shown, the echo amplitudes extend to< 2-3% at the last few data points. Note that for 
Benz G-7X, D(STE) decreases significantly with increasing z-storage time. 
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A6.3 Single Component T1 
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Figure A6.4 Sample plots of signal amplitude as a function of increasing 180°-90° pulse separation 
(inversion-recovery time), as measured by the inversion-recovery method for Benz G-3X, as a function 
of temperature. Temperature = 60°C (top left), 40°C (bottom left), 20°C (top right) and 0°C (bottom 
right). Fits were based on equation 2.32 for a single component (see Chapter 2) with three free 
parameters: 10 (signal at zero IR time), A (correction factor for imperfect 180° pulse) and T1 (spin-lattice 
relaxation time. 
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Figure A6.5 Sample plots of T2 echo attenuation as a function of time, as measured by the CPMG 
method for Benz 38, as a function of temperature. Temperature = 60°C (top left), 40°C (bottom left), 
20°C (top right) and 0°C (bottom right) .. Fits were based on equation 2.10 for a single component (see 
Chapter 2) with two free parameters: lo (echo amplitude at time zero) and T2 (spin-spin relaxation 
time). As shown, the echo amplitudes extend to < 1%. 
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Figure A6.6 T2 decay and four component exponential fit for Benz 38 gel hydrated in H20 PBS, 
showing random residuals. The fit parameters are shown in Table 6.6. 
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Figure A6.7 T2 decay and four component exponential fit for IGEL 58 showing highly non-random 
residual pattern. Adding a fifth component to the fit (see Table 6.6) was shown to give a significantly 
better (more random) residual pattern. 
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Figure A6.8 T2 decay and four component exponential fit for dry Benz G-5X gel, showing random 
residuals. In fitting this data to less than four components, a highly non-random residual pattern 
resulted. The fit parameters are shown in Table 6.6. 
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